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Highlights: 
• Geological and geophysical observations of lunar peak-ring basins are summarized. 
• Two working hypotheses for peak-ring basin formation are discussed and compared. 
• Observations are compared to numerical models of lunar impact craters and basins. 
• Consistencies and inconsistencies exist between observations and modeled lunar basins. 
• Areas of focus for future impact-basin model refinement are presented.  
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Abstract 
 Impact basins provide windows into the crustal structure and stratigraphy of planetary 
bodies; however, interpreting the stratigraphic origin of basin materials requires an 
understanding of the processes controlling basin formation and morphology. Peak-ring basins 
(exhibiting a rim crest and single interior ring of peaks) provide important insight into the basin-
formation process, as they are transitional between complex craters with central peaks and larger 
multi-ring basins. New image and altimetry data from the Lunar Reconnaissance Orbiter as well 
as a suite of remote sensing datasets have permitted a reassessment of the origin of lunar peak-
ring basins. We synthesize morphometric, spectroscopic, and gravity observations of lunar peak-
ring basins and describe two working hypotheses for the formation of peak rings that involve 
interactions between inward collapsing walls of the transient cavity and large central uplifts of 
the crust and mantle. Major facets of our observations are then compared and discussed in 
context of numerical simulations of peak-ring basin formation in order to plot a course for future 
model refinement and development. 
 
1. Introduction 
Impact basins provide windows into the crustal and mantle structure and stratigraphy of 
planetary bodies. In order to infer the pre-impact locations of materials excavated and uplifted by 
basin-forming events, the processes controlling basin formation and morphology must be 
constrained. Peak-ring basins (exhibiting a rim crest and a single interior ring of peaks; Figure 
1c) provide important insight into the basin-formation process and into the development of peak-
ring landforms. They are unique in morphology compared to complex craters with central peaks 
and smaller rim-crest diameters (Figure 1a) and form the basis for understanding multi-ring 
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basins, which occur at larger diameters (Figure 1d). Other important crater types in this transition 
include protobasins, which possess both a central peak and a peak ring (Figure 1b). There has 
been considerable debate on the processes controlling the formation of peak rings on the Moon 
and terrestrial planets (Pike, 1988; Melosh, 1989; Spudis, 1993; Collins et al., 2002; Grieve et 
al., 2008; Baker and Head, 2013). New image and altimetry data have permitted a reassessment 
of the origin of lunar peak-ring basins and their relationship to smaller complex craters and 
larger multi-ring basins (Baker et al. 2011a, 2012; Baker and Head, 2013). The morphometric 
properties of peak-ring basins on Mercury have also been described in detail (Baker et al. 2011b; 
Baker and Head, 2013). 
Here, we synthesize these observations of lunar peak-ring basins and their implications 
for the physical processes operating during the formation of impact basins. We then describe two 
working hypotheses for the formation of peak rings that involve complex interactions between 
inward collapsing walls of the transient cavity and large uplifts of the crust and mantle that occur 
in the center of the basin. Major facets of the observations of peak-ring basins are then 
qualitatively compared and discussed in context of current numerical simulations of peak-ring 
basin formation. The goal is to identify major gaps in knowledge between the empirical 
constraints summarized here and the predictions of current numerical models in order to plot a 
course for future model refinement and development. It is the hope that through more rigorous 
testing of numerical models with planetary measurements of impact craters and basins, we will 
greatly improve our understanding of the fundamental processes that form peak-ring basins on 
the terrestrial planets.  
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2.  Summary of Recent Morphometric Observations 
 New topography and image data from the Lunar Reconnaissance Orbiter (LRO) Lunar 
Orbiter Laser Altimeter (LOLA) and Lunar Reconnaissance Orbiter Camera (LROC) have 
provided the opportunity to re-evaluate and expand previous efforts (Pike and Spudis, 1987; 
Williams and Zuber, 1998) to constrain the morphometric characteristics of peak-ring basins on 
the Moon. Recent work by Baker et al. (2011a, 2012), and Baker and Head (2013) have updated 
the catalogs of peak-ring basins and protobasins on the Moon (Table 1) and used LOLA gridded 
topography data to measure a number of morphometric characteristics of these basins. The Moon 
has 17 cataloged peak-ring basins and three protobasins (Table 1), which is among the fewest per 
square kilometer on any body in the inner solar system. By comparison, Mercury has the largest 
populations, currently at 110 peak-ring basins and 70 protobasins (Baker et al., 2011b; Baker and 
Head, 2013). Measurements of their rim-crest diameters place the fifth-percentile onset diameter 
of lunar peak-ring basins at 227 km, which is the largest of planetary bodies in the inner solar 
system (Baker et al., 2011a). Onset diameters of peak-ring basins follow a moderate inverse 
dependence on gravitational acceleration at the planetary body (Pike, 1988; Baker et al., 2011a), 
although improved correlations are observed when gravitational acceleration is combined with 
mean impact velocity (Baker et al., 2011a). The diameter range of peak-ring basins on the Moon 
is 207 to 582 km, with a geometric mean of 343 km. A few lunar craters in the peak-ring basin 
size range do not display peak rings (e.g., Landau, Ingenii) and are not included in the catalog of 
Baker et al. (2011a). These craters are often degraded, flooded, or heavily modified by 
superposed craters; thus, it is likely that their interior peaks or peak rings are obscured. 
Overall, the final topographic shape of peak-ring basins is unique compared to those of 
complex craters (Figures 1 and 2). Five major features define a typical topographic profile of a 
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peak-ring basin. A rim crest marks the final diameter of the basin, and in planform is roughly 
circular but exhibits irregularities due to pre-impact topography and regional jointing and 
fracturing. The basin wall has typical slopes of ~5-10°, which decrease with basin size (Figure 
2). The wall is terraced as in smaller complex craters, a result of the downward and inward 
collapse of the rim of the transient cavity. Terracing implies that at least the shallow downward 
displacement of the transient-cavity's walls is accommodated along a series of discrete fault 
planes, which are likely to be listric at depth (e.g., Settle and Head, 1977). The topographic 
contact between the wall unit and the flatter floor is usually sharp; however, texturally the two 
units can grade into one another or also be quite sharp due to variations in impact melt embaying 
the slump blocks. Annular floor material, representing a mixture of collapsed wall blocks and 
embayment by impact melt, is located at higher elevations than the floor interior to the peak ring 
(Figure 2). Often, hummocky patches of the annular floor grade texturally into the steep-walled 
massifs of the peak ring. A topographic profile traversing the peak ring thus shows a gradual 
increase in elevation from the base of the wall toward the peak ring, reaching a maximum at the 
crest of the peak ring (Figure 2). The inward-facing wall of the peak ring can be fairly steep, 
dropping rapidly into the central portions of the basin, which are the lowest points of the basin 
floor (Figure 2). This characteristic topographic profile, including deep central cavities, is even 
more pronounced for peak-ring basins on Mercury (Baker and Head, 2013). 
The onset and evolution of lunar peak-ring basins are marked by several morphometric 
characteristics that trend with rim-crest diameter (Baker et al., 2012) (Figure 3). Many of these 
trends are also similarly expressed on Mercury (Baker and Head, 2013). The first is a decrease in 
the depth to diameter ratio, such that a complex crater with a given rim-crest diameter is deeper 
than a peak-ring basin with the same diameter. The depths of peak-ring basins then increase with 
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rim-crest diameter, but depth/diameter ratios decrease (Figure 3a-c). The height of the wall 
relative to the basin depth, and the width of the wall relative to the crater diameter are also 
observed to decrease with increasing rim-crest diameter (Figure 3a-c). Slight increases in floor 
height (i.e., the difference in elevation between the base of the wall and the center of the basin) 
also occur with increasing rim-crest diameter, indicating that the topography of the central 
portions of peak-ring basins increases relative to the overall depth. Comparisons of the present 
volumes of the basins (Baker et al., 2012) also show a substantial decrease in volume of about 
40% relative to their excavation cavities as estimated from geophysical calculations (Wieczorek 
and Phillips, 1999). 
Several trends in the morphometric characteristics of central peaks and peak rings are 
also observed. The diameters of central peaks on the Moon (Hale and Head, 1979) and other 
terrestrial planets follow a distinct trend with rim-crest diameter (Figure 3d). The onset of peak-
ring basins is marked by a discontinuity in the trend of central-peak diameters; i.e., as rim-crest 
diameters grow, the trend of peak-ring diameters diverges from that of the central-peak diameter 
trend (Figure 3d). This trend of peak-ring diameter versus rim-crest diameter obeys a power law 
and also appears to be universal on planetary bodies (Head, 1977; Pike and Spudis, 1987; Pike, 
1988; Baker et al., 2011a, b). Ratios of peak-ring diameter to rim-crest diameter follow a 
continuously increasing, non-linear trend from values of <0.5 to 0.6 with increasing diameter. 
The peak-ring diameter is thus larger relative to the rim-crest diameter in the largest peak-ring 
basins, which is a common characteristic on all terrestrial planets (Alexopoulos and McKinnon, 
1994; Baker et al., 2011b). Central-peak dimensions (height, area, and volume; Figure 3a-c) 
increase continuously up to the transition to peak-ring basins (Baker et al., 2011b, 2012; Baker 
and Head, 2013). Central peaks within complex craters, even at sizes near the onset of peak-ring 
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basins, never exceed the maximum elevation of the rim crest. The onset of peak rings is then 
marked by a relative decrease in the height and volume of the structures composing the peak 
ring. Peak rings then increase in all dimensions with increasing rim-crest diameter, with peak-
ring height increasing relative to the basin depth more rapidly in the largest peak-ring basins 
(Figure 3c).  
 Other important observations of peak-ring basins beyond morphometry are the spectral 
characteristics of their rims and peak rings. Peak rings on the Moon typically show outcrops of 
predominantly pure crystalline anorthosite and more noritic lithologies (Hawke et al., 2003; 
Whitten et al., 2011; Yamamoto et al., 2012; Cheek et al., 2013; Donaldson Hanna et al., 2014; 
Baker and Head, 2015). An exception is in regions of thinned crust such as the interior of the 
South Pole-Aitken basin. Here, pyroxene-dominated peak rings are found (e.g., Apollo basin; 
Baker and Head, 2015) with more limited occurrences of olivine (e.g., Schrödinger basin; 
Yamamoto et al., 2010; Kramer et al., 2013). Although there is still some uncertainty in the exact 
stratigraphy of the lunar crust, these mineralogic observations strongly indicate that peak rings 
are exposing crustal lithologies; mantle or very deep crustal materials are not exposed in the 
peaks rings except perhaps in areas of thinned crust. Furthermore, observations of large outcrops 
of pure crystalline anorthosite within the lunar peak rings at all sizes (e.g., Hawke et al., 2003; 
Cheek et al., 2013; Donaldson Hanna et al., 2014; Baker and Head, 2015) suggest that peak rings 
may be composed of materials uplifted from the upper crust (as opposed to the more noritic 
lower crust; Wieczorek and Phillips, 1997; Hawke et al., 2003). Alternatively, these results could 
imply an anorthositic crust to great depth (Yamamoto et al., 2012; Cheek et al., 2013; Donaldson 
Hanna et al., 2014), in which case lower crustal materials may also be exposed within the inner 
rings of impact basins (e.g., Kring et al., 2013; Potter et al., 2013a).  
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 The deep crustal and mantle structure also has an abrupt transition between complex 
craters and peak-ring basins (Baker et al., 2013; Neumann et al., 2013; Soderblom et al., 2015). 
Interpretations of Bouguer gravity anomalies derived from the Gravity Recovery and Interior 
Laboratory (GRAIL) mission (Baker et al., 2013; Neumann et al., 2013; Wieczorek et al., 2013; 
Zuber et al., 2013) show that all peak-ring basins are associated with concentric mantle uplifts 
that have a diameter which correlates with the diameter of the peak ring (Figure 2). Outward 
from this mantle uplift is a collar of thickened crust, which reaches a maximum thickness near 
the midpoint between the peak-ring and rim crest and thins again to near the pre-impact crustal 
thickness around the position of the rim crest (Figure 2). Complex craters, however, do not 
appear to have positive mantle topography or crustal thinning, implying that the crater collapse 
and central uplift processes forming complex craters was confined to the crustal column (Baker 
et al., 2013; Potter et al., 2013b).      
  
3. Implications of the Observational Trends 
 Baker et al. (2012) interpreted many of the trends described above to have been largely 
the result of the formation and mobility of impact melt during basin formation. More impact melt 
is produced and retained in large impact craters due to differential scaling between impact 
melting and transient crater diameter (e.g., Grieve and Cintala, 1992, 1993). We interpret the 
reduction in wall height and width in peak-ring basins to be due to this increased production of 
impact melt. Redistribution of the melt on the floor of the basin during excavation and collapse 
of the transient crater could result in increased burial of the toes of wall slump blocks, both 
decreasing the measured width and height of the wall. However, the majority of this melt is 
predicted to be retained inside the peak ring due to the geometry of the melt zone (see Section 4), 
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which is consistent with the floor being relatively smoother in this region than in the annulus 
surrounding the peak ring. Expulsion of melt from the area inside the peak ring to regions in the 
annulus could plausibly explain the increase in central floor height (Figure 3b,c). Alternatively, 
cooling and volume reduction of the interior melt sheet could result in development of an inner 
depression, as is likely to have occurred in the Orientale basin, which exhibits ~2 km of vertical 
subsidence (Wilson and Head, 2011; Vaughan et al., 2013). The redistribution and cooling of 
impact melt combined with wall collapse results in a topographic profile of peak-ring basins with 
a cavity-like interior contained within the peak ring (Figures 1c and 2). The reason for the 
decrease in depth in the transition from complex craters to peak-ring basins is unclear, but may 
be related to non-proportional scaling of transient/excavation crater dimensions or enhanced 
uplift of the basin floor during peak-ring basin formation. Similarly, the ~40% reduction of the 
volume of the initial excavation cavity of the basin (Section 2) indicates that reduction in depth 
must be achieved by some form of extreme uplift of the floor of the excavation cavity (see 
Section 4). 
 Divergent trends in central-peak and peak-ring diameters (Figure 3d) indicate that the 
transition to peak rings is not due to a simple expansion of a central peak. Rather, there is a 
fundamental change in process or physical threshold that results in peak-ring diameters being 
larger in diameter than central peaks. The regularity of the peak-ring diameter trend and the 
consistency on all planetary bodies further suggests that the process is universal, and occurs 
under a variety of planetary and impact conditions, such as differences in gravitational 
acceleration, target composition and structure, and mean impact velocity. Central-peak 
dimensions (height, area, volume) in complex craters increase up to the transition to peak-ring 
basins. However, central-peak heights are not observed to exceed the maximum elevation of the 
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crater’s rim crest. These observations again suggest that there is a specific threshold that must be 
reached before peak rings can begin to form. Whether or not this threshold is actually exceeded 
during an impact event is likely to be primarily a function of impact conditions, such as impact 
speed and angle and the diameter and composition of the projectile. Variations in these 
parameters can explain why multiple morphological types (complex craters, protobasins, and 
peak-ring basins) can overlap substantially in rim-crest diameter, as is observed for Mercury 
(Baker et al, 2011b; Baker and Head, 2013).  
 Furthermore, the occurrence of protobasins with both peak rings and central peaks 
(Figure 1b) suggests that both central-peak formation and peak-ring formation can occur during 
the same impact event, or that the concurrent formation of both features is part of the continuous 
transition from central peaks to peak rings. Protobasin peak-ring diameters form a continuous 
trend with the diameters of peak rings in peak-ring basins (Baker et al., 2011a), indicating that 
such a continuum does occur (Figure 3d).  
Finally, the observation that the vast majority of peak rings, at all basin sizes, consist of 
outcrops of pure anorthosite implies that the material that is uplifted to form the peak ring is 
generally of crustal origin, and possibly restricted to upper crustal layers depending on 
assumptions about lunar crustal structure. Uplift to form peak rings is therefore likely to be a 
relatively shallow process compared with uplift of central peaks that are thought to originate at 
depths exceeding the maximum depth of melting (Cintala and Grieve, 1998a,b). The minimum 
depth of uplift of the peak ring should be controlled by the maximum depth of excavation and its 
geometry radially away from the sub-impact point and lateral distance to melted material (Baker 
and Head, 2015). 
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4. Formation Scenarios for Peak-Ring Basins 
We now present two working hypotheses for the formation of peak-ring basins on the 
Moon and other planetary bodies. The first is a conceptual geological model based on the 
observations presented above, as well as on previous work suggesting the role of impact melt in 
modifying interior morphologies (i.e., the “nested melt-cavity model”; Cintala and Grieve, 
1998a,b; Head, 2010). The second working hypothesis is based on current numerical models of 
impact-basin formation, which have been guided by comparisons with a selection of terrestrial 
and planetary impact basins (e.g., Collins et al., 2002; Ivanov, 2005; Wünnemann et al., 2005). 
Many facets of the two working hypothesis are similar and in close agreement, including the 
importance of interactions between the collapsing crater wall and centrally uplifted portions of 
the basin. However, major differences occur in the final modification stage of the cratering 
event, such as the importance of the collapse of an over-heightened central peak. While not fully 
explored through numerical simulations, the conceptual geological model provides an alternative 
description of large impact-basin collapse that should be tested in future numerical models of 
impact-basin formation (see Section 6). 
 
4.1. Working Hypothesis 1: Conceptual Geological Model 
Taken together, the observations presented in Section 2 may be used to construct a model 
whereby impact melt has a large influence on the morphometric characteristics of peak-ring 
basins (Cintala and Grieve, 1998a,b; Head, 2010). Note that this is distinct from the possible 
mechanical influence of impact melt on the cratering process, which is discussed later. Based on 
these observations and current understanding of the early stages of the cratering process 
(Maxwell, 1977; Croft, 1980; Schmidt and Housen, 1987; Melosh, 1989; Melosh and Ivanov, 
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1999), the following end-to-end scenario is constructed for the formation of peak-ring basins on 
the Moon (Figure 4). Facets of this working hypothesis are similar to the model of Cintala and 
Grieve (1998a,b) and “nested melt-cavity model” of Head (2010), but these are refined here in 
light of the new observations presented above.   
For discussion of the working hypothesis, a peak-ring basin the size of Schrödinger 
(diameter = 326 km) is taken as a representative example, as it is near the geometric mean 
diameter of peak-ring basins on the Moon (343 km) (Baker et al., 2011a). Although the crust 
near Schrödinger basin is thinner than 50 km due to thinning by the older SPA impact event 
(Wieczorek et al., 2013), we assume an average 50 km crustal thickness in the conceptual model 
to illustrate impacts into the thicker highlands curst. For simplicity, a vertical impact at 20 km/s 
is assumed, although the most probable impact angle is 45 degrees (Gilbert, 1893; Shoemaker, 
1962; Pierazzo and Melosh, 2000). 
 
4.1.1. Contact and compression 
An impactor ~20 km in diameter penetrates about one projectile diameter into the target, 
deforming the target and generating a shock wave that propagates approximately radially away 
from the penetration depth. Material within about one projectile diameter of this impact “source” 
is exposed to a nearly constant maximum shock pressure sufficient to induce melting and 
vaporization. Jetting of relatively small volumes of vapor and impact melt occur at the projectile-
target interface expelling highly shocked material far from the crater. The contact and 
compression stage for most impacts at this scale is over in a few seconds (Melosh, 1989, p. 46). 
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4.1.2. Excavation stage 
 The excavation stage (not counting early-stage spallation) begins when the shock wave 
reflects off the back of the projectile as a rarefaction wave that decompresses the projectile and 
begins to penetrate into the target material (Gault and Heitowit, 1963). The shock wave and 
subsequent rarefaction wave, produced by the shock wave’s intersection with the free surface, 
result in a net particle velocity field behind the shock described by a series of streamlines along 
which ejected and displaced target material moves (Figure 4a). The so-called “hinge streamline” 
separates those streamlines describing the movement of target material ejected from the transient 
crater from those streamlines describing the movement of target material displaced downward to 
form the crater floor or outward to form the crater walls and uplifted transient crater rim (Croft, 
1980, 1981). The volume of the target originally located above the hinge streamline forms the 
excavation cavity (Figure 4a). According to the model of Cintala and Grieve (1998a,b), the melt 
zone for a basin the size of Schrödinger would be about 60 km in diameter, with a maximum 
depth of melting of ~55 km and a melt depth/transient-crater depth ratio of about 0.85 (Figure 
4a). For a smaller crater at the onset of peak-ring basins on the Moon (~227 km), the ratio of 
maximum melt depth to transient crater depth is about 0.75, indicating that substantial depths of 
melting occur relative to the transient crater even at the onset of peak rings.  This appears to be a 
common characteristic on the terrestrial planetary bodies, where the depth of melting is 
consistently more than half the depth of the transient crater at the onset diameter for peak-ring 
basins (Cintala and Grieve, 1992; Grieve and Cintala, 1997). For most peak-ring basins on the 
Moon, there will be little crust left unmelted beneath the sub-impact point. The volume of melt is 
about 1 x 105 km3 at the size of Schrödinger basin, approximately half of which may be ejected 
and half of which may be retained within the basin based on melt scaling by Cintala and Grieve 
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(1998a,b) and the assumption of z-model streamlines (Maxwell, 1977). The exact volumes and 
depths of melting, however, will depend on the influences of impactor and target parameters, 
such as impact angle (Pierazzo and Melosh, 2000) and target temperature (e.g., Potter et al., 
2013a; Potter et al., 2015). 
The depth of the transient crater is achieved before its maximum diameter occurs (Orphal 
et al., 1980; Schmidt and Housen, 1987; Turtle et al., 2005), and impact melt, already formed by 
passage of the shock wave and subsequent decompression, will be driven downward and outward 
within the displaced zone (Figure 4b). This process displaces melted material so that it lines the 
bottom of the growing transient cavity. Again using the z-model (Maxwell, 1977) with z=2.7, the 
maximum depth of material excavated by the peak-ring basin is about 0.13 of the transient-crater 
diameter, which is near the ratio of 0.1 commonly assumed for craters and basins (Croft, 1980; 
Melosh, 1989, p. 78; Spudis, 1993; Wieczorek and Phillips, 1999). This ratio is also observed in 
numerical models (e.g., Potter et al., 2012a). All of this excavated material is expected to be of 
crustal origin. 
 
4.1.3. Modification stage 
 Before the transient crater is fully formed via excavation and displacement, the floor of 
the transient cavity begins to uplift (Figure 4c) as a result of negative buoyancy forces acting to 
close the large mass deficit of the transient cavity. In this sense, gravity is the driver of collapse 
and floor uplift (Melosh and Ivanov, 1999), but can only occur at such large scales if the target is 
substantially weakened during the impact event (McKinnon, 1978; Melosh, 1979; see also 
discussion in Kenkmann et al., 2013). 
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 As uplift of the floor continues and the maximum lateral dimensions of the transient 
cavity are reached through excavation and more minor plastic deformation (Figure 4d), the 
uplifted and ejecta-loaded rim of the transient crater collapses downward and inward along a 
series of normal faults. These faults probably have typical near-surface angles (~60°, measured 
from the local horizontal) but become more listric with depth and toward the center of the basin 
(e.g., Gulick et al., 2008) due to rotational uplift of the central portions of the collapsing transient 
crater. This collapse along discrete faults begins to form a terraced zone of down-dropped blocks 
of the structurally uplifted rim and ejecta. Such terraced zones have been interpreted from 
seismic data over the terrestrial Chicxulub impact basin (Morgan and Warner, 1999; Gulick et 
al., 2008).  
The large magnitude of the vertical translation of central uplift implies a net rotational 
trajectory for the collapsing transient cavity wall and floor material that is, overall, much larger 
upward than inward and downward (Figure 4e). This rotational trajectory also follows from the 
prediction that collapse of the walls will occur along approximately the same paths as the 
material’s original displacements (i.e., along streamlines) (Schmidt and Housen, 1987; O'Keefe 
and Ahrens, 1993). The inward, rotating collapsing wall of the transient crater converges with 
the uplifted center of the basin to form a highly deformed and uplifted annular zone, which is 
hypothesized to be the focal zone for peak-ring formation (Figure 4e). Also, because collapse 
occurs in three dimensions in a centro-symmetric fashion, inward convergence of this wreath of 
slumped material will be accommodated by bulking and complex fault geometries, including 
"transpressional ridges" (Kenkmann and von Dalwigk, 2000). Transpressional ridges and flower 
structures can result from oblique shears at the convergence and compression of blocks of the 
collapsing walls. Examples of these structures have been described for the Siljan impact structure 
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in Sweden and other complex craters on Earth (Kenkmann and von Dalwigk, 2000). 
Transpression and bulking should increase in height and volume toward the center of the basin 
(Kenkmann and von Dalwigk, 2000), which could contribute to uplift to form the peak ring. 
Thus, in this working hypothesis, peak rings are envisioned to form through a combination of the 
complex, centro-symmetric, rotational collapse of the transient crater's walls and convergence of 
this collapse with the extreme uplifts of the crust and mantle that occur in the center of the basin 
(Figure 4e).  Under this scenario, the diameter of the peak ring should be a function of the 
magnitudes of the displacements of the inward and upward moving wall blocks and the diameter 
of the uplifted central portions of the basin floor. This is consistent with the crustal structure of 
peak-ring basins, which shows that the diameters of central uplifts of the mantle correlate well 
with the diameters of peak rings (Baker et al., 2013). This scenario also implies that peak rings 
should come from relatively shallow crustal levels, controlled by the geometry of the excavation 
and melting cavities. These predictions on stratigraphic uplift are consistent with the abundance 
of pure crystalline anorthosite in many of the peak rings of basins on the Moon (Hawke et al., 
2003; Yamamoto et al., 2012; Cheek et al., 2013; Donaldson Hanna et al., 2014; Baker and 
Head, 2015). However, the hypothesized regions of stratigraphic uplift are distinct from the 
estimated stratigraphic uplift of central peaks in complex craters, which are commonly inferred 
to be constrained by the maximum depth of melting (Cintala and Grieve, 1998a,b; Tompkins and 
Pieters, 1999). Indeed, at a critical depth of melting, the column of material that would otherwise 
form a central peak is completely melted and can no longer support a topographic structure 
(Grieve and Cintala, 1992; Cintala and Grieve, 1998a,b; Head, 2010). Only a peak ring should 
remain as the central landform in the basin. At intermediate depths of melting, a reduced central 
peak can still form, explaining the peak plus peak ring occurrences in protobasins. Topographic 
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profiles are also consistent with this scenario, as the peak ring occurs as a plateau with an 
asymmetric profile that outwardly grades with the annular floor and inwardly slopes to lower 
elevations in the interior (Figure 2). This topography is more apparent on Mercury, where 
collapsed wall materials often exhibit complex interactions with peak rings and the peak rings 
bound a deep, central-floor cavity (Baker and Head, 2013).    
  
4.1.4. Final basin configuration 
 After collapse processes have ceased, the final basin configuration is one that is 
extremely subdued compared to the estimated geometries of the transient crater and melt zone 
(Figure 4f). The final topographic profile shows a well-defined rim crest, wall terraces, peak 
ring, and an annulus surrounding the peak ring that is higher in elevation than points inside the 
peak ring (Figures 1c and 2). Inside the peak ring, uplift results in a mantle plug that is in a 
quasi-equilibrium position and may adjust to a super-isostatic (or “mascon”) state during post-
impact isostatic adjustments (Andrews-Hanna, 2013; Melosh et al., 2013). Superposed on this 
mantle plug is an impact-melt sea several kilometers thick with little to no unmelted crust 
remaining (the amount of crust remaining will depend on the size and velocity of the impactor 
and thickness of the crust). Subsequent cooling and solidification of the impact melt may also 
result in differentiation (Grieve and Cintala, 1997; Cintala and Grieve, 1998a; Vaughan et al., 
2013) and volume losses, including vertical and horizontal shrinkage (Wilson and Head, 2011; 
Vaughan et al., 2013), potentially forming the small central depressions observed in some lunar 
peak-ring basins and explaining the observed trend in floor heights (Figure 3b,c) (Baker et al., 
2012). While most of the impact melt is contained within the peak ring, a small fraction coats the 
annulus surrounding the peak ring and the wall terraces. These deposits can help to explain the 
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wall height and width trends of peak-ring basins on the Moon (Figure 3b,c), particularly as more 
impact melt is produced and retained with increasing basin size (Cintala and Grieve, 1998a,b). 
Intense fracturing and faulting of the wall of the transient crater creates a low density, porous 
zone of crust between the rim crest and the peak ring; however, since the pre-impact upper crust 
is likely to be highly porous due to intense fracturing by earlier impacts (e.g., Wieczorek et al., 
2013; Soderblom et al., 2015) the density reduction of the crust resulting from impact may be 
relatively minor. Thickening of the crust by inward and downward displacements of the transient 
cavity walls should also be confined between the rim crest and peak ring, as predicted by GRAIL 
gravity observations (Baker et al., 2013; Neumann et al., 2013). 
 The above scenario (Figure 4) outlines an observation-based working hypothesis of peak-
ring formation on the Moon and, by extension, the other terrestrial planets. As described, this 
formation scenario is consistent with many observations based on morphometry, composition, 
and crust/mantle structure of peak-ring basins on the Moon and Mercury (Section 2). The exact 
target weakening mechanisms that allow the large-scale collapse of basins to occur are still being 
debated (Kenkmann et al., 2013), but it is likely that a combination of processes (see Section 6.7) 
may be operating to facilitate this collapse. Another important feature of this working hypothesis 
is that gravitational collapse of an over-heightened central peak is not required to form peak 
rings, as simulated in current numerical models (see Section 4.2; e.g., Collins et al., 2002; 
Ivanov, 2005). While it appears that the interaction of the inward collapsing wall and central 
uplift is important (Figure 4e), the conceptual geological model outlines a more geologically 
docile collapse of the transient cavity, with impact melting playing an important role in the 
transition from central peaks to peak rings (Cintala and Grieve, 1998a,b). Clearly, rigorous 
quantitative testing of this working hypothesis should be completed, including use of numerical 
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models that explore a range of variables, including target properties and weakening mechanisms 
that may influence peak-ring formation. 
 
4.2. Working Hypothesis 2: Numerical Models 
Major advances have been made in the development of numerical models of large-scale 
impact events (e.g., Collins et al., 2002; Ivanov, 2005). These models provide end-to-end 
simulations of impact cratering events that are otherwise impossible to examine experimentally 
in a laboratory setting. Simulations of impact-basin formation resulting from current widely 
employed numerical models exhibit consistent features over a range of impact conditions, which 
form the basis of an additional working hypothesis for peak-ring basin formation. Representative 
features of this working hypothesis are illustrated schematically in Figure 5, which are based on 
an iSALE model of a 20-km diameter projectile impacting vertically into a 60 km-thick lunar 
target at 15 km/s. Details of the iSALE model and assumed model parameters are described more 
fully in Section 6. The final crater that is produced in the simulation is approximately 250 km in 
diameter. 
The early stages of the impact event occur in a similar manner as described in Section 
4.1. The maximum depth of the transient cavity is formed at approximately 50 seconds from the 
initial contact between the impactor and the target surface (Figure 5a). At this point, impact melt 
lines the transient cavity and is streamed upward and outward with the excavation flow and the 
laterally expanding transient-cavity rim. After the maximum depth of the transient cavity is 
reached, the center of the cavity is uplifted; the maximum lateral extent of the transient cavity is 
attained after initial uplift of the center of the basin (Figure 5b). 
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The walls of the transient cavity begin to collapse downward and inward as the floor 
begins to uplift; the majority of the collapse, however, follows the completion of excavation 
(Figure 5c). The center of the basin, including both impact melt and unmelted target material, 
continues to be uplifted, eventually overshooting the rim crest to form an over-heightened central 
peak, which becomes gravitationally unstable (Figure 5c). The instability of the central uplift 
leads to its collapse downward and outward (Figure 5d). Collapsing target material is thrust 
outward into a nappe-like fold over the already collapsed walls of the transient cavity. This 
nappe-like fold produces a topographic high at approximately 0.5 basin radii from the center, 
which forms the interior peak ring. The peak ring is predicted to be located above collapsed 
transient cavity wall material and to enclose a region of impact melt several-kilometers thick. 
This configuration has been previously reported to be consistent with geophysical observations 
of the terrestrial Chicxulub impact structure, which shows similar stratigraphic relationships 
(e.g., Morgan et al., 2000, 2011). 
The final configuration of the impact basin (Figure 5e) shows a central uplifted plug of 
mantle with a diameter smaller than the peak-ring diameter and a ring of thickened crust 
reaching a maximum thickness beneath the peak ring. Material forming the peak ring is shown to 
have originated from mid-crustal levels. Mantle uplifts and collars of thickened crust are also 
produced in other implementations of the iSALE numerical model (Potter et al., 2012b, 2013a; 
Freed et al., 2014; Miljković et al., 2013, 2015). 
 
4.3. Summary  
 Two major working hypotheses explaining the formation of peak-ring basins are 
presented in Sections 4.1 and 4.2. Major differences between the hypotheses occur in the 
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modification stage of impact basin formation. In particular, the conceptual geological model 
places emphasis on the role of impact melt in modifying the basin interior during collapse of the 
transient cavity and does not require an over-heightened central peak. Peak rings are formed out 
of the deformation that occurs at the convergence and uplift of the inward-collapsing transient 
cavity walls and the uplifted center of the basin. In contrast, the numerical model predicts that 
peak rings are formed by collapse of an over-heightened central peak that is thrust outward and 
on top of the collapsed walls of the transient cavity. Under this hypothesis, impact melting plays 
a minor role in the formation of peak rings but may contribute to certain aspects of basin 
morphology post-impact during cooling and contraction processes. 
In order to reconcile differences between the conceptual geological model and numerical 
simulations, it is useful to discuss in more detail current uncertainties between orbital-based 
observations and current state-of-the-art numerical simulations of impact-basin formation. We 
attempt to do this objectively in the next sections with the goals of plotting a course for future 
model development; for guiding the collection of additional, relevant orbital data; and for 
improving our understanding of the important factors driving peak-ring formation on the 
terrestrial planets. 
 
5. Numerical Models and Empirical Constraints 
 Since the underlying mechanisms producing the phenomenology of complex crater 
collapse are still largely unknown (e.g., Melosh and Ivanov, 1999; Kenkmann et al., 2013), 
numerical models of basin formation are inherently non-unique and must rely on observations to 
constrain the unknown parameters. A number of important constraints on the formation of peak-
ring basins come from the suite of geological and geophysical analyses completed on the 
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terrestrial Chicxulub impact basin (e.g., Morgan and Warner, 1999; Morgan et al., 2000). One of 
the important features of the basin structure is a subsurface terrace zone of inward-dipping 
normal faults that continues inward and downward to just before or below the peak ring (Morgan 
et al., 2000; Gulick et al., 2008). This set of normal faults is then truncated by a series of inward-
dipping reflectors and a low-velocity zone that characterize the mass below the peak ring. 
Comparisons between the kinematics predicted by numerical models of the Chicxulub impact 
event and the basin’s current seismic structure show overall good agreement (Morgan et al., 
2000; Collins et al., 2002, 2008b). One of the major features of the numerical models that 
appears to be well-represented in the seismic profiles is the convergence between the inward 
collapsed transient crater rim and the outwardly collapsed central peak. Similar zones of 
convergence near the predicted position of the peak ring have also been observed in other 
terrestrial impact structures, including the Haughton impact crater (Osinski and Spray, 2005), 
although this impact structure does not have an observable peak ring. In the Vredefort impact 
basin, the inner structural collar appears to be upturned in a manner similar to the overthrusted, 
collapsed, portions of the central peak (Lana et al., 2003), as modeled in simulations; however, 
the current erosional and deformational state of the Vredefort impact basin precludes a full 
reconstruction of its original structure. A review of the Vredefort structure by Grieve et al. 
(2008) additionally suggests that collapsed wall materials of the transient cavity do not appear to 
extend beneath outwardly thrusted material in the center of the basin as is observed at Chicxulub. 
However, it is clear that outwardly directed thrust faults are present in the major impact 
structures on Earth, suggesting that convergence of inward collapsing wall material with the 
central uplift core of an impact basin is an important component of the formation of interior rings 
(Grieve et al., 2008).  
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 Despite the utility of the terrestrial impact record, there are only a few impact basins on 
Earth, and only one well-preserved example (Chicxulub) that can act as a tie point for current 
numerical and conceptual models of peak-ring basin formation. Even for Chicxulub, its 
important interior landforms are buried by sediments and water, preventing direct field 
measurements to be made. Further, the exterior rings of Chicxulub (Morgan et al., 2002) place 
the basin in a morphological class that is more similar to multi-ring basins on the Moon; hence, 
Chicxulub may not be the most appropriate analog for lunar peak-ring basins. Additional drilling 
of the Chicxulub peak ring is expected to start in 2016 (Morgan and Gulick, 2012; Morgan et al., 
2015), which could provide much needed observational constraints on collapse kinematics and 
other features of basin formation. Grieve et al. (2008) attempted to construct an empirical model 
for terrestrial impact basin formation based on the observed geology of the Sudbury, Vredefort, 
and Chicxulub impact structures. As the authors demonstrate, however, there is no single 
observed characteristic or parameter that is common to these three basins due to their various 
states of preservation. Assumptions must be made regarding their kinematics and original 
geometries in order to develop a working model of terrestrial-basin formation. In addition, many 
of the interpretations that result from the geological analysis of terrestrial impact basins must rely 
on the kinematic framework provided by numerical models. As a result, “…observations are 
never completely objective nor are the models based on these observations” (Grieve et al., 2008, 
p. 869).  
 
6. Planetary Observations and Comparisons with Numerical Models 
To further refine and improve current numerical models, we must look beyond Earth to 
impact basins on planetary bodies. Here, the population of craters and basins is much larger due 
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to the lack of both plate tectonics and a hydrologic cycle, which act to remove the geological 
evidence of craters on Earth. As a result, the complete range of morphologies and diameters is 
preserved on many planetary bodies and can vary from relatively pristine examples to degraded 
features that have been subjected to proximal weathering by superposed impacts, impact ejecta 
and volcanic resurfacing. The size-morphology transition from complex craters to peak-ring 
basins is completely captured on bodies such as the Moon and Mercury (Baker et al., 2011a,b) 
and can be characterized in detail, as discussed in Section 2. 
The observational framework of the crater-to-basin transition presented in Section 2, as 
developed through detailed analyses of lunar (and mercurian) impact features, provide important 
constraints for current numerical models. In the following sections we briefly recap some of the 
major features of peak-ring basins and their formation and assess how well current numerical 
models can predict these features. To facilitate this assessment, we use the results of a suite of 
iSALE simulations of lunar impact-crater formation, with particular reference to the simulation 
of a ~250 km diameter basin formed in thick highlands crust (Figure 5). This suite of simulations 
represents several of the multitudes of simulations of lunar peak-ring basin formation that can 
plausibly be produced by varying a range of target and impact parameters. While the model suite 
is able to reproduce a number of observational trends (see discussion in the following sections), 
future refinement of these and other models is necessary to explain the detailed characteristics of 
planetary crater and basin populations that are not currently explained well by the models.     
The iSALE code (Amsden et al., 1980; Collins et al., 2004; Wünnemann et al., 2006) has 
been used to simulate a number of basin-forming events on Earth and other planetary bodies 
(e.g., Collins et al., 2002, 2008b; Wünnemann et al., 2005; Potter et al., 2012a; Collins, 2014). 
The simulations that we present were based on an equivalent suite of simulations of terrestrial-
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crater formation presented by Collins (2014). Simulations are shown for impactor diameters (and 
cell dimensions) of 1 (0.05), 2 (0.1), 5 (0.125), 10 (0.25), 20 (0.5) and 50 (1.25) km. The cell 
dimensions imply that a spatial resolution of 10–20 cells per projectile radius was used for all 
simulations. For simplicity and computational expediency, all impacts were treated as vertical  at 
15 km/s. Simulations used a simple, uniform, nonporous crystalline-rock material model 
(granite) to represent the crust and a constant gravitational acceleration of 1.63 m/s2. The four 
largest impact scenarios also included a mantle layer below 30 km depth (thin crust) or 60 km 
depth (thick crust). The granite material model was also used to represent the impactor. To 
describe the thermodynamic behavior of the material, equation-of-state (EoS) tables generated 
using the analytic EoS (ANEOS; Thompson and Lauson, 1972) software package were used, 
with input parameters appropriate for the granite crust (Pierazzo et al., 1997) and dunite mantle 
(Benz et al., 1989). To describe the resistance of the material to shear deformation, the strength 
and damage models described by Collins et al. (2004) and Ivanov et al. (2010) were used in 
conjunction with modifications to account for the dilatancy of fractured rock (Collins, 2014). 
The effects of acoustic fluidization were incorporated using the “block (oscillation) model” 
(Ivanov and Kostuchenko, 1997; Wünnemann and Ivanov, 2003). The acoustic fluidization 
scaling constants used for this study were γβ = 300; γη = 0.015 (where γβ and γη are the 
dimensionless acoustic fluidization decay time and viscosity constants, respectively). For a 
complete description of the model parameters used, we refer interested readers to Collins (2014). 
In assessing the numerical models in light of recent observations from the Moon and Mercury, 
we hope to identify areas that should be foci of future analysis and model refinement. 
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6.1. Shape of the final basin 
 As detailed in Section 2, the final topographic shape of peak-ring basins is unique 
compared to those of complex craters (Figures 1 and 2). Most previous studies employing 
hydrocode models, however, have not focused on the detailed morphometry of topographic 
profiles due to limitations of model resolution. Model resolutions are typically set to capture the 
large-scale features of basin formation and, therefore, do not typically resolve the finer details of 
surface topography. Figure 6 shows final crater profiles for the six impact simulations analyzed 
here, which span crater diameters from 15-630 km. In all cases at least 10 computational cells 
resolve the final crater depth. Figure 7 compares several observed crater dimensions (rim-to-
floor depth, central-peak diameter, peak-ring diameter) as a function of rim-crest diameter with 
results of the numerical simulations. Rim crest-to-floor depth and rim-crest diameter of the 
modeled craters were measured using the topographic maximum and minimum. Central-peak 
and peak-ring diameters were picked by eye as they are very subtle features in the model output. 
The former measurement was derived from the point at which the crater floor becomes flat, and 
the latter on the midpoint of the topographic peak ring (Figure 6). Note that simulated profiles 
are constructed of both solid and melted target material. Post-impact topographic modifications 
resulting from cooling of impact melt were not modeled. We also note that the modeled peak-
ring diameters in particular have an approximate uncertainty of 5% of the crater diameter.   
 In general, the model results are in good agreement with observations with respect to 
crater depth and central-peak/peak-ring diameter (Figure 7). However, in detail, there are some 
important differences between the final profiles predicted by the simulations and the 
morphometric characteristics of peak-ring basins on the Moon and Mercury (cf. Figures 2, 5, 6 
and 7). Due to the nature of the overthrusting of the collapsed central peak in the simulations and 
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possibly the simulations' finite resolution, the peak often terminates as a broad mound with a 
steeper outward face and more gradually sloping inward face (Figure 6; D = 145 and 290 km). 
For small to medium-sized peak-ring basins, the lowest portions of the basin floor are found in 
the annulus (Figure 6; D = 145 and 290 km), while simulations of the largest peak-ring basins 
(e.g., Figure 6; D = 630 km) display profiles more typical of lunar peak-ring basins (e.g., Figure 
2), having an inner cavity bounded by the peak ring and an annulus at higher elevations. The 75-
km diameter crater is also modeled to have a broad peak ring, which has a diameter that is larger 
than the observations of lunar central-peak diameters; peak rings are only observed at crater sizes 
greater than approximately 140 km diameter on the Moon (Figure 7). As such, the model 
predicts larger central structures near 75-km diameter that are more aligned with the trend of  
peak-ring diameters. The model also predicts the onset of peak rings to occur at smaller crater 
sizes than observed. Possible reasons for this discrepancy in central-structure diameter are 
discussed in Section 6.2. 
Discrepancies in observed and modeled topography occur in the upper few kilometers of 
the simulated event, which are comparatively small in context of the kilometers-scale 
translations that make up the bulk of the model (Figure 5). Moreover, the observations (Baker et 
al., 2012) indicate that impact-melt redistribution, cooling, and contraction might act to affect the 
final topography of the basin, which could account for some of the discrepancy between the 
numerical models and observations. More rigorous testing, particularly using recent simulations 
(Figure 5) and new morphometric measurements on a range of planetary bodies, should be 
conducted in order to validate the assumptions in the numerical models. To do this, however, 
consistency in methods of measurements should be established, such that modeled measurements 
are directly comparable to those determined from planetary datasets. 
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6.2. Progression of peak morphometry 
 The details of the progression of interior-peak morphometries with increasing size 
provide important constraints for models of peak-ring formation. It is clear from observations 
(Section 2), that the morphometric onset of peak rings is very abrupt. One view is that if peak 
rings were the result of a simple expansion of central peaks, then a continuous trend from central 
peak to peak-ring diameter would exist. Although such a trend is observed on Venus 
(Alexopoulos and McKinnon, 1994), it is not observed on the Moon or Mercury (Figure 3). 
However, an abrupt change from peak to ring diameter does not exclude the possibility that 
central peaks and peak rings are products of the same process. The only requirement is that the 
process includes a threshold, perhaps related to the maximum height of the transient central 
uplift. As an analogy, consider a ball being rolled over a mound: if the ball has sufficient kinetic 
energy to overcome gravity and reach the top of the mound with some residual velocity it will 
roll over the mound and down the other side; if it does not, it will fail to reach the top of the hill 
and roll back down the same side. Rolling the ball up the mound results in one of two very 
different outcomes depending on initial speed, with an abrupt transition between the two. The 
same may be the case in central uplift formation: if the threshold is exceeded, dramatic outward 
collapse of the over-heightened central uplift results in a peak ring, whereas if the threshold is 
not exceeded there is no or only minor outward collapse of the central uplift, producing a narrow 
central peak.  
 The results of the impact simulations given in Figures 6 and 7 show a continuous 
increasing trend in central-peak and peak-ring diameter with increasing crater diameter; a 
discontinuity between the diameters of central peaks and peaks rings is not predicted by present 
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models. The numerical simulations predict the correct central-peak diameter in small complex 
craters, but as crater size increases the models predict wider central structures than observed in 
mid-sized to large craters with central peaks (Figure 6, D = 75 km, and Figure 7). A possible 
explanation for this discrepancy is that the acoustic-fluidization weakening model employed in 
the simulations is oversimplified. In most implementations of acoustic fluidization, the 
vibrational energy that acts to mobilize the cratered target is generated solely by the expanding 
shock wave and is then assumed to decay exponentially in amplitude with time. The vibrational 
energy is, therefore, greatest at early times and near the impact site, dropping off monotonically 
both with time and radial distance from the impact site. It is likely, however, that the cratering 
process itself, and in particular the dramatic rise and collapse of the central uplift, can generate 
an additional component of vibrational energy that is localized in the region of most extreme 
deformation. Theoretical models of acoustic fluidization of faults and long run-out landslides 
have both highlighted the importance of regeneration of vibrational energy (Melosh, 1996; 
Collins and Melosh, 2003) and a preliminary implementation of vibrational-energy regeneration 
in impact simulations suggests its role could be significant (Hay et al., 2014). In the context of 
cratering, regeneration of vibrational energy may provide a mechanism for the necessary 
threshold in central-peak and peak-ring formation by prolonging mobilization of the flanks of the 
central uplift in large craters where shear strains are largest. In addition, it is possible that post-
impact processes not included in current numerical models, such as major mass movements on 
the steep slopes of central peaks, act to reduce the areal dimensions of the largest central peaks. 
However, the volume of mass movement required to account for the discrepancy between model 
and observation makes this idea unlikely.  
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It is clear that further modeling is required to explore the transition from central-peak to 
peak ring craters, using more sophisticated implementations of acoustic fluidization and 
considering alternative weakening mechanisms (see Section 6.7). The execution of a systematic, 
quantitative comparison between model results with observed peak morphometries is greatly 
needed. An important parameter space to be assessed systematically by models is the crater 
diameter range over which central peaks would begin to collapse, particularly for bodies like 
Mercury where there is much overlap in interior crater morphology for a given crater size (Baker 
et al., 2011b).     
 It is also currently unclear if protobasins can be correctly reproduced or predicted in the 
numerical simulations. Protobasins possess both a central peak and a peak ring and are thus 
interpreted to be transitional crater forms between complex craters and peak-ring basins (Wood 
and Head, 1976; Pike, 1988). There are few protobasins on the Moon, and their ring-diameter 
measurements are most similar to those of peak rings in peak-ring basins (Figure 3). There is no 
clear observational evidence of incipient peak rings that tightly surround central peaks on the 
Moon (Baker et al., 2011a), as predicted by current numerical simulations of craters ~75-km in 
diameter (Figure 6). However, it is highly likely that the low relief of such incipient rings would 
be masked by the impact melt that impounds the central structures. Ring-like zones of 
roughening have been observed in some complex craters on the Moon, which were interpreted to 
suggest that the onset of peak rings may occur at diameters as small as 80 km (Hale and Grieve, 
1982). An interpretation of these features as peak rings, however, must remain ambiguous 
because of their uniformly low relief, which is comparable in scale to the roughness of the 
adjacent floor and wall facies. 
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 Many uncertainties remain in modeling the morphometry of interior peaks on planetary 
bodies. Future work should build on the comparison presented here between model crater 
profiles and the well-documented morphometric trends for lunar central peaks and peak rings to 
reconcile outstanding inconsistencies. 
 
6.3. Influence of impact melt 
The morphometric observations (Section 2) indicate that much modification of the 
interior basin results from the production, re-distribution, and post-impact modification of impact 
melt that is mobilized during excavation and collapse of the transient cavity. While the 
redistribution of impact melt in the latest stages of impact-basin formation does not directly 
influence the formation of peak rings, the volumes and depths of melting that occur during 
earlier stages have been suggested to have important influences on the resulting interior 
morphology (Cintala and Grieve, 1998a,b; Head, 2010). The basic premise of this hypothesis is 
that, with increased depth and volume of melting, the column of material that would form a 
central uplift is liquid and could no longer support a stable central peak. At the size of impact 
basins, which would have a non-proportionally large volume and depth of impact melting, no 
central peaks should form and peak rings may be left as the only topographically stable landform 
(Cintala and Grieve, 1998a,b).   
In the reference simulation of peak-ring formation (Figure 5), impact melting does not 
exhibit a large influence on the formation of central uplifts. The melted portions of the target 
material are displaced outward and streamed along the base of the transient cavity as the cavity 
expands downward and outward. As the floor of the transient cavity uplifts, melted and solid 
target rocks are together uplifted to form an over-heightened central peak that then collapses 
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downward together to form the peak ring (Figure 5). Impact melt then largely remains in the 
center of the basin to pool interior to the peak ring.  In that scenario (Figure 5), any effects that 
the centrally melted portions of the cavity would have on central peak formation are completely 
overwhelmed by the substantial uplift that is produced from the floor rebound. Central peaks are 
transient features in the numerical models, and they are quickly erased as a result of their 
gravitational instability and subsequent collapse to form a peak ring. As we discuss in Section 
6.7 below, it may be possible that large central uplifts are not required to form peak rings. A 
question for future peak ring basin models is whether there is a reasonable set of parameters that 
exist that are able to produce peak rings in a manner that is also consistent with observations 
(e.g., Figure 4). And if reasonable scenarios do exist where large, over-heightened central peaks 
do not occur, then what role does impact melting play in in the formation and/or suppression of 
central peaks? Fortunately, the parameter space available in numerical impact models is wide 
enough that further examination may well provide such cases.       
 
6.4. Role of faulting 
An important component of realistic models of impact-basin formation is the formation 
and kinematic influence of faults. The most obvious fault-related geologic features of peak-ring 
basins are wall terraces. While the terraces were clearly formed by downward slip along inward-
dipping faults, the exact geometry of these faults is not entirely constrained by orbital data. If the 
terraced zone of the Chicxulub impact basin could be used as an analog to lunar wall terracing, 
then the faults would likely be nearly normal, with dips near 60° at the surface, becoming listric 
at depth (e.g., Gulick et al., 2008). Larger multi-ring basins lack the style of wall terracing 
typical of complex craters like Tycho, Copernicus, etc. Instead, large circumferential mega-faults 
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that become listric at depth appear to have been important in the formation of rings outward from 
the innermost peak ring (Head, 1974). In the Orientale basin, topographic profiles of the Outer 
Rook and Cordillera rings are consistent with the presence of inward-dipping faults (Head, 1974; 
Nahm et al., 2013). 
Currently, the reference simulation (Figure 5) and other simulations of basin formation 
do not model discrete fault planes and the associated displacements that occur during impact-
basin formation (Potter, 2015). Fault planes are foci for the collapsing wall of the transient 
cavity, as inferred from the wall terraces of peak-ring basins. The motions involved in this 
collapse are important, as the peak rings are commonly formed out of the convergence or 
collision between the inward-translated cavity wall and outward collapse of the central peak 
(Figure 5). Incorporation of faulting in numerical models may alter the kinematics of this 
convergence by changing displacement geometries and velocities. Discrete topographic features 
with steep fault scarps, such as the rim crest, wall terraces, and steep walls of central peaks and 
peak rings are not produced or resolved in current numerical models. Field studies of terrestrial 
impact structures also demonstrate the importance of faulting and folding in accommodating the 
three-dimensional inward collapse of the transient cavity walls (Kenkmann and von Dalwigk, 
2000; Osinski and Spray, 2005). Three-dimensional numerical models are still being developed 
(e.g., Elbeshausen et al., 2009) but their future use, together with implementation of realistic 
fault-localization models, should prove to be highly insightful. Faults also serve as foci of strain 
rate-dependent weakening mechanisms. Such mechanisms may be important in facilitating 
collapse of the transient cavity (Spray and Thompson, 1995; Senft and Stewart, 2009), providing 
an alternative or complementary process to acoustic fluidization and other transient weakening 
processes (see Section 6.7). 
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6.5. Depth of origin of peak rings and peak-ring mineralogy  
The reference simulation (Figure 5) predicts peak-ring material to be derived from a 
depth of about 0.1-0.15 the diameter of the transient cavity, similar to the results of previous 
simulations of the Chicxulub impact (Collins et al., 2002, 2008b; Ivanov, 2005) and corresponds 
with estimates of the maximum depth of excavation (~0.1Dtc). In simulations of the Chicxulub 
impact event, the peak ring is also predicted to be mostly composed of highly fractured and 
brecciated basement material that has been subjected to peak-shock pressures between 10-25 
GPa, with a smaller fraction of more highly shocked rocks subjected to pressures between 25-50 
GPa (Morgan et al., 2011). These rocks experienced relatively higher shock levels than the 
downthrown sedimentary blocks overlain by the peak-ring material. Overall, inferred differences 
in densities between the peak ring and terraced wall material are consistent with the seismic 
velocity profiles over Chicxulub (Morgan et al., 2011).  Future drilling through the peak ring of 
Chicxulub (Morgan and Gulick, 2012; Morgan et al., 2015) should provide important 
information for assessing these modeled and seismic predictions. 
Analysis of the mineralogy of lunar peak-ring basins (Baker and Head, 2015) also 
constrains the maximum depth of origin of peak rings to be near or shallower than the maximum 
depth of excavation, which is generally consistent with numerical simulations (Collins et al., 
2002, 2008a, 2008b; Ivanov, 2005). The vast majority of peak rings on the Moon located within 
the lunar highlands have kilometers-wide outcrops of pure anorthosite. This observation has two 
important implications. First, the prevalence of anorthosite firmly constrains the origin of those 
peak-ring materials to be within the crustal column. Also, if we further assume a dual-layered 
model of the crust (Wieczorek and Phillips, 1997, 1999; Tompkins and Pieters, 1999; Hawke et 
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al., 2003; Wieczorek et al., 2006), the presence of pure anorthosite in the peak rings is highly 
suggestive of material that originated in the upper crust. Under this scenario, and considering the 
largest peak-ring basins, the depth of origin of peak-ring material is constrained to be shallower 
than the maximum depth of excavation and thus also shallower than those depths of origin 
predicted by some numerical impact simulations. 
 Second, the fact that the diagnostic 1250 nm absorption band of plagioclase has been 
detected spectrally within lunar peak rings implies that the crystal structure in some, if not all, of 
the exposed anorthositic material is currently not disrupted, as would occur if the plagioclase 
experienced peak-shock pressures exceeding ~25 GPa during the impact event (Adams et al., 
1979; Johnson and Hörz, 2003). To first-order, then, the predicted levels of peak-shock pressures 
in much of the peak ring-materials must have been below ~25 GPa. Alternatively, absences of 
shocked plagioclase within lunar peak rings could be explained by post-impact annealing and 
recrystallization, if thermal conditions were conducive to the annealing process. In addition, 
locations of “candidate shocked plagioclase” are observed adjacent to locations of crystalline 
plagioclase (Baker and Head, 2015), indicating that peak rings may be exposing materials 
recording a range of peak-shock pressures.   
 In current numerical models, the predicted shock pressures are bulk averages over km-
scale computational cells that hide sub-grid scale variation. Hence, a bulk pressure >25 GPa over 
a km-scale region, such as predicted for some regions within Chicxulub, could easily be 
consistent with the presence of meter-scale outcrops of considerably lower peak pressure. 
Moreover, it is clear that numerical models of peak-ring formation do not capture the full 
complexity of deformation that can be observed by remote sensing, such as intra-peak ring 
faulting and block displacement. From the simulations, peak rings are predicted to be zones of 
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intense compressional deformation, which would create highly folded and faulted layers within 
this region of the basin (Kenkmann et al., 2013). A diversity of rock types in the peak rings 
might therefore be expected to be exposed in outcrop and would imply exposure of a range of 
stratigraphic levels. Such outcrop-scale processes are also likely to modify the smooth trend of 
decreasing shock pressure with depth predicted by numerical models, possibly bringing material 
shocked to lower levels to the surface. 
Unfortunately, in situ samples of peak rings have not been obtained from the Moon to aid 
in distinguishing between the scenarios described; however, future missions to candidate lunar 
landing sites, such as the Schrödinger peak-ring basin (e.g., O’Sullivan et al., 2011; Kramer et 
al., 2013; Potts et al., 2015) may help to address these important unknowns in the physical 
characteristics of uplifted materials. The petrologic characteristics of samples from a lunar peak 
ring could place constraints on both the peak-shock pressures and the thermal evolution of 
uplifted material in the late stages of the impact event, and might further help to constrain the 
original positions of these rocks relative to the sub-impact point. 
It is also important for modeled predictions of stratigraphic uplift (e.g., Potter et al., 
2013b) and depths of origin of central-structure materials to be made on the full suite of interior 
landforms in the crater to basin transition. For example, there are hints of mineralogical 
differences between the central peaks and peak rings within protobasins on the Moon (e.g., 
Compton; Baker and Head,2015). This observation may imply different depths of origin between 
central peaks and peak rings, which is predicted in some formation scenarios (Cintala and 
Grieve, 1998a,b; Figure 4). 
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6.6. Crustal and mantle structure 
 Two main details of the subsurface structure of peak-ring basins in the reference 
simulation (Figure 5) are apparent. The first is the combination of a centrally thinned region of 
crust and an uplifted mass of mantle. The second is an annular bulge of thickened crust formed 
by the inward and downward collapse of the transient cavity's walls. These general 
characteristics in crustal and mantle structure are also common to simulations of larger lunar 
impact basins (e.g., Potter et al., 2012b, 2013a). Mantle uplifts and outward thickening of the 
crust have also long been interpreted from gravity data over large impact basins on the Moon 
(Phillips and Dvorak, 1981; Neumann et al., 1996; Wieczorek and Phillips, 1999). 
 Recent measurements of the gravity and crustal structure of complex craters and peak-
ring basins on the Moon using GRAIL and LOLA data (Baker et al., 2013; Neumann et al., 
2013; Soderblom et al., 2015) indicate that the central mantle uplifts and annuli of thickened 
crust are characteristics that basins acquire from their onset. Comparisons between the 
morphometric positions of the peak ring and rim crest with the crustal and mantle structure 
(Figure 2) show regular spatial patterns that are qualitatively, but not quantitatively, consistent 
with those predicted in the reference simulation (Figure 5). The diameter of the mantle uplift for 
all peak-ring basins correlates remarkably well with the diameter of the peak ring (Baker et al., 
2013); in the simulation, the diameter of the mantle uplift is much smaller than the peak-ring 
diameter. The annulus of thickened crust surrounding the mantle uplift is observed to be thickest 
midway between the rim crest and the peak ring and extends from the edge of the mantle uplift to 
near the rim crest. In the reference simulation, the annulus of thickened crust reaches a maximum 
directly beneath the peak ring and extends outward to near a location close to the contact 
between the basin wall and floor.  
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 Possible reasons for these discrepancies could be in the assumptions of uniform crustal-
density structure used to invert GRAIL Bouguer gravity anomalies for crust-mantle topography 
(Wieczorek et al., 2013). Recently, Collins (2014) suggested that differences in dilatancy and 
compaction within the target post-impact may have important controls on the observed Bouguer 
anomaly patterns within lunar craters and basins. Variations in crustal thickness and thermal 
profiles also affect the modification stages of large impact events, which could account for the 
observed mismatch with the single reference simulation discussed here.  The numerical models 
could also be missing key kinematic controls on transient-cavity collapse, such as formation of 
major fault systems; making use of incorrect transient weakening parameters, leading to over-
predictions in the amount of inward collapse of the rim of the transient cavity; or employing the 
wrong initial temperature-depth profile. Reconciling these differences in the predicted post-
impact topography of the crust-mantle interface might provide important clues for refining 
current numerical simulations and the interpretations/models of gravity data. 
 
6.7. Transient weakening mechanisms 
 It is clear from multiple lines of evidence that, in order for the transient cavities of 
complex craters and basins to collapse into their present states, a substantial impact-induced 
weakening mechanism must occur (Melosh, 1977; McKinnon, 1978).  The mechanism(s) driving 
this target weakening, however, have been uncertain. Melosh (1979, 1982) introduced the 
concept of acoustic fluidization to cratering events, whereby a region surrounding the transient 
crater is fluidized by the acoustic energy (elastic waves) produced by the impact event (Melosh, 
1982; Melosh and Gaffney, 1983). A simplified version of this model (called the “block 
oscillation model”; Ivanov and Kostuchenko, 1997), more easily implemented in modern 
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hydrocodes, proposes that the target material may be treated as discrete, vibrating blocks 
separated by thin breccia zones along which displacement can occur at low driving stress during 
favorable portions of the blocks’ oscillations. In this manner, the basin-scale, fluid-like flow of 
material produced by the acoustic vibrations represents the time- and space-averaged movements 
of small displacements along discrete blocks. While acoustic fluidization has had some success 
when implemented in numerical models of some terrestrial impact structures, the limited 
definitive field or laboratory support for this process has caused much debate in the literature 
(see Herrick and Pierazzo, 2003; Kenkmann et al., 2013). Another target-weakening model, 
called “thermal softening,” (O’Keefe and Ahrens, 1993) considers the effect of increased 
temperatures in deforming target material, analogous to the ductile behavior of metals at high 
temperatures. While this produces the necessary conditions for transient weakening, 
temperatures over a very large region in the target need to be very near the melting temperature 
in order to explain the magnitude needed to induce collapse. This does not seem to be the case 
for many impact events, but it could be important during the largest basin-forming events 
(Collins and Melosh, 2002; Potter et al., 2012a, 2012b; Kenkmann et al., 2013). Other 
mechanisms consider the effects of strain-rate weakening in damaged regions in the target. For 
example, Senft and Stewart (2009) showed that it is possible to achieve temporary weakening 
sufficient for crater collapse through strain-rate dependent mechanisms along fault zones. The 
exact weakening mechanism was not constrained by Senft and Stewart (2009) and could include 
a number of processes, including frictional melting (e.g., Spray and Thompson, 1995), pore-fluid 
pressurization, granular flow of fault gouge material, acoustic fluidization of fault gouge, and 
flash-heating along asperities (see discussion in Senft and Stewart, 2009). While this work is 
promising and may be closer to reality for large-scale, discrete movements of geological 
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materials, it is unclear at present if the number of faults and other observations such as frictional 
melt in terrestrial craters can adequately explain the needed weakening. Other sources of target 
weakening include shock-induced fragmentation (Collins et al., 2004) and lubrication by impact 
melt (e.g., Scott and Benn, 2001). In summary, while temporary weakening of the target appears 
necessary to produce the amount of collapse inferred from large impact craters, and while a 
number of weakening mechanisms have been proposed to explain this collapse, it is unclear 
which is dominant during crater formation. It is probable that a number of mechanisms may act 
together to weaken the material sufficiently beyond the target’s yield strength to induce collapse. 
As modeled using iSALE, the reference simulation (Figure 5) incorporates a number of 
weakening mechanisms, including reduction in shear strength by fracturing and fragmentation 
(Collins et al., 2004) and thermal softening (O’Keefe and Ahrens, 1993). However, these 
weakening mechanisms, as implemented in the models, cannot account for the entire collapse 
needed to replicate the observed complex-crater morphologies. Thus, to explain the 
phenomenology of crater collapse, acoustic fluidization is most commonly used in modern 
numerical simulations, although it is certainly not required if other transient-weakening 
mechanisms, such as that proposed by Senft and Stewart (2009), are able to produce results that 
are more consistent with empirical observations.  
 While the observational framework (Section 2) does not provide direct evidence for a 
particular weakening mechanism, it may help to constrain key input parameters that are most 
important in current implementations of target-weakening models. When employing acoustic 
fluidization in numerical simulations, the duration (or decay time), of the transient-weakening 
process and assumed effective target strength (or viscosity) are important in controlling the 
interior morphology of an impact basin. Their importance is such that different parameter 
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choices can produce craters with very different interior morphologies (e.g., Wünnemann and 
Ivanov, 2003) or craters with very similar interior morphologies but via very different dynamic 
processes for the same impactor parameters (e.g., Wünnemann et al., 2005). For example, 
Wünnemann and Ivanov (2003) were able to reproduce the depth-diameter relationship observed 
on the Moon using more than one set of acoustic-fluidization parameters (i.e., low viscosity, low 
decay time or high viscosity, high decay time). Moreover, in modeling the terrestrial Ries impact 
structure (Wünnemann et al., 2005), it was observed that a qualitatively peak-ring-like crater 
morphology could be produced by assuming both high-viscosity and low-viscosity scenarios. In 
the former of these models, an inner ring formed in the absence of the collapse of an over-
heightened central peak (Figure 8a), although the topographic prominence of the crystalline inner 
ring in these simulations owed as much to the assumed strength of the fractured sediments and 
basement as it did to the choice of acoustic-fluidization parameters. By comparison, the latter 
simulation produced an inner ring by collapse of an over-heightened central peak (Figure 8b) via 
the same dynamic process as proposed for the peak ring at Chicxulub.  
 The results by Wünnemann et al. (2005) highlight the potential to form structures that 
morphometrically resemble peak rings without requiring significant overshoot of the central peak 
(Figure 8a). Indeed, detailed comparison with observations suggests that this scenario provides 
the best explanation for inner-ring formation at Ries crater (Wünnemann et al., 2005; Collins et 
al., 2008a). These results also emphasize, however, that matching a model to observations at a 
single crater is not a sufficient test of the model's robustness. Confidence in the choice of 
acoustic-fluidization parameters and how these parameters scale with the magnitude of the 
impact can only be built by successful structural and morphometric comparisons across a range 
of crater sizes. The results presented here for lunar craters and in Collins (2014) for terrestrial 
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craters build on the earlier work of Wünnemann and Ivanov (2003) and are a first step in this 
direction. Wünnemann and Ivanov (2003) showed that a simple linear scaling of the viscosity 
and acoustic-fluidization decay time with impactor size works reasonably well in explaining 
certain aspects of crater morphology. This linear scaling is also assumed in the simulations 
presented here for lunar craters (Figure 6). Future work examining the parameter space and types 
of target-weakening mechanisms should seek to fit a suite of morphometric measurements in an 
even more comprehensive manner. Only through this iterative approach can the models be truly 
validated and can confidence be given to a choice of model input parameters. Perfect fits might 
not be achieved, as numerical models cannot completely account for every aspect of the impact-
cratering process. However, identifying the major consistencies and inconsistencies between 
model predictions and observations will undoubtedly lead to a better understanding of the 
characteristics of the weakening mechanisms at work during modification of the transient cavity.     
Further constraints on the type and prevalence of transient-weakening mechanisms may 
be provided by the GRAIL gravity measurements (Baker et al., 2013; Neumann et al., 2013). 
There are several cases on the Moon where large craters or basins are superposed on the rims of 
older basins but do not appear to have disrupted their deep crustal structure. For example, 
Schrödinger basin (Table 1), the youngest peak-ring basin on the Moon, was formed in the 
northern rim and floor of the similarly sized Amundsen-Ganswindt basin. Schrödinger’s transient 
cavity would have extended down to the crust-mantle boundary, yet the central mantle uplift of 
Amundsen-Ganswindt is still preserved, as shown by its unmodified circular, positive Bouguer 
anomaly that extends within the wall and floor of Schrödinger. To first-order, this example 
suggests that the weakening mechanism facilitating the collapse of Schrödinger’s transient cavity 
was sufficiently limited in lateral extent such that the central mantle uplift of Amundsen-
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Ganswindt remained unaffected. Numerical simulations of impacts into preexisting structures 
would help to improve our understanding of the resulting spatial patterns and extent of deep-
seated crustal deformation. In turn, weakening parameters and processes that produce too much 
deformation as constrained by these observations should be considered less probable.  
Through erosion and tectonic deformation, the original stratigraphic relationships 
contained within terrestrial impact basins have been degraded to such a degree that they can only 
be inferred from obtainable field observations and through comparisons with numerical 
simulations of their formation (e.g., Grieve et al., 2008). Due to the lack of definitive structural 
constraints from terrestrial impact structures and the non-uniqueness of numerical models, future 
work should remain open to alternative styles of transient-cavity collapse, which may only differ 
in assumptions regarding target strength and the type and duration of target-weakening 
mechanisms. Only through rigorous testing against empirical evidence from both orbit and the 
field can numerical impact models gain the confidence that they are sufficiently accurate to guide 
the interpretation of further field and planetary observations.     
 
7. Summary: A Path Forward 
 From comparisons between our observational framework for lunar (and mercurian) 
craters and basins with current numerical simulations of impact basin formation, it is clear that 
there is much work that needs to be done in order to reconcile uncertainties between the two 
approaches. The numerical simulations have reached a level of sophistication where they can 
now be rigorously tested against many of the morphometric characteristics of impact basins on 
planetary bodies. In doing so, the models will undoubtedly improve in their ability to simulate 
the range of morphometric features of relatively pristine impact craters and basins. The results 
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will, in turn, provide an improved framework in which to interpret and constrain the processes 
involved in the formation of impact basins. The following is a list of major areas that should be 
considered as foci for future numerical modeling of impact basins, specifically addressing the 
detailed observations we now have: 
1. Shapes of impact basins: More rigorous quantitative comparisons of final basin 
topographies, including depths and topographic structures of central peaks and peak 
rings are necessary. Robust comparisons will require consistent methods of 
measurements of morphometry from orbital datasets and from the models. Post-impact 
modification of basin features through mass-wasting processes and thermal contraction 
of impact melt must also be considered. 
2. Peak dimensions: Systematic, quantitative comparisons between morphometric 
measurements of peak dimensions (e.g., height and diameter) and model predictions are 
crucial. In particular, measuring the full progression of morphologies from central peaks 
to peak rings will allow for the best comparisons and most rigorous testing. Again, 
consistency in measurement methods will be important. 
3. Impact melt: Modeling of the influence of impact melting in suppressing central peak 
formation, in lieu of formation of over-heightened central peaks (e.g., Cintala and 
Grieve, 1998a,b). Assessment of the post-impact modification of basin topography by 
impact melt (e.g., cooling and vertical contraction) in the center of the basin may shed 
light on current inconsistencies between models and observations. 
4. Faulting: Improved models incorporating the strain-rate localization effects of faults on 
transient weakening and transient-cavity collapse. Inclusion of discrete fault movements 
in the region of the collapsing rim will improve the kinematic predictions of peak-ring 
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formation. As computers and modeling techniques become more sophisticated, modeling 
the three-dimensional collapse of cavities, while accounting for oblique-impact scenarios 
and accommodation along faults should be highly insightful. 
5. Depth of origin of peak rings and physical characteristics: More explicit predictions of 
the depth of origin (or stratigraphic uplift) of central peaks and peak rings for a range of 
target and impactor conditions, with more emphasis on non-terrestrial bodies (e.g., the 
Moon and Mercury). Also important are estimates of peak-shock pressures and the 
physical characteristics (e.g., fracturing and faulting, lithologic mixing, melt fraction, 
etc.) of rocks predicted to compose the peak ring.  
6. Deep-crustal and mantle structure: Reconciliation of the inconsistencies in observed 
crustal structure of peak-ring basins, as interpreted from GRAIL gravity data and 
geophysical models. Analyses should include models of free-air and Bouguer gravity 
anomalies over the final states of simulated (lunar) impact basins. These should then be 
compared with orbital gravity data. The roles of post-impact isostatic adjustments and 
density variations not accommodated in gravity-derived models of crustal structure 
should be assessed (e.g., Melosh et al., 2013). 
7. Transient-weakening mechanisms: Models employing strain-rate weakening 
mechanisms and their linkages to faults should be developed. Also needed is 
examination of superposed impact basins to explain undisturbed mantle uplifts beneath 
highly modified lunar basins (as observed in GRAIL data for the Moon). 
8. Parameters controlling central uplifts: Exploration of the feasibility of models that 
produce peak rings without the collapse of over-heightened central peaks. Rigorous 
comparison with observational data will be important. 
  
[47] 
 
 
Acknowledgements 
Thank you to an anonymous reviewer and to Mark Cintala for their comprehensive reviews that 
greatly improved the quality of the manuscript. We gratefully acknowledge financial support 
from the NASA Lunar Reconnaissance Orbiter (LRO) Mission, Lunar Orbiter Laser Altimeter 
(LOLA) Experiment Team (Grants NNX11AK29G and NNX13AO77G), the NASA Gravity 
Recovery and Interior Laboratory (GRAIL) Mission Guest Scientist Program (Grant 
NNX12AL07G) and the NASA Solar System Exploration Research Virtual Institute (SSERVI) 
grant for Evolution and Environment of Exploration Destinations under cooperative agreement 
number NNA14AB01A at Brown University. We gratefully acknowledge the developers of the 
iSALE shock physics code (www.isale-code.de). GSC was funded by Science and Facilities 
Research Council (STFC) grant ST/J001260/1. 
  
  
[48] 
 
References 
Adams, J.B., Hörz, F., Gibbons, R.V., 1979. Effects of shock-loading on the reflectance spectra 
of plagioclase, pyroxene, and glass. Lunar Planet. Sci. 10, 1–3. 
 
Alexopoulos, J.S., McKinnon, W.B., 1994. Large impact craters and basins on Venus, with 
implications for ring mechanics on the terrestrial planets. In: Dressler, B.O., Grieve, R.A.F., 
Sharpton, V.L. (Eds.), Large Meteorite Impacts and Planetary Evolution. Special Paper 293, 
Geological Society of America, Boulder, Colo., pp. 29–50. 
 
Amsden, A.A., H. M. Ruppel, H.M., Hirt, C.W., 1980. SALE: A Simplified ALE computer 
program for fluid flow at all speeds, LANL Rep. LA-8095,101 pp., Los Alamos Natl. Lab., 
Los Alamos, N. M. 
 
Andrews-Hanna, J.C., 2013. The origin of the non-mare mascon gravity anomalies in lunar 
basins. Icarus 222, 159–168, doi:10.1016/j.icarus.2012.10.031. 
 
Baker, D.M.H., Head, J.W., 2013. New morphometric measurements of craters and basins on 
Mercury and the Moon from MESSENGER and LRO altimetry and image data: An 
observation framework for evaluation models of peak-ring basin formation. Planet. Sp. Sci. 
86, 91–116. 
 
Baker, D.M.H., Head, J.W., 2015. Constraints on the depths of origin of peak rings on the Moon 
from Moon Mineralogy Mapper data. Icarus 258, 164–180. doi:10.1016/j.icarus.2015.06.013. 
  
[49] 
 
 
Baker, D.M.H., Head, J.W., Fassett, C.I. , Kadish, S.J., Smith, D.E., Zuber, M.T., Neumann, 
G.A., 2011a. The transition from complex crater to peak-ring basin on the Moon: New 
observations from the Lunar Orbiter Laser Altimeter (LOLA) instrument. Icarus. 214, 377–
393, doi:10.1016/j.icarus.2011.05.030. 
 
Baker, D.M.H., Head, J.W., Schon, S.C., Ernst, C.M., Prockter, L.M., Murchie, S.L., Denevi, 
B.W., Solomon, S.C., Strom, R.G., 2011b. The transition from complex crater to peak-ring 
basin on Mercury: New observations from MESSENGER flyby data and constraints on basin 
formation models. Planet. Space Sci. 59, 1932–1948, doi:10.1016/j.pss.2011.05.010. 
 
Baker, D.M.H., Head, J.W., Neumann, G.A., Smith, D.E., Zuber, M.T., 2012. The transition 
from complex craters to multi-ring basins on the Moon: Quantitative geometric properties 
from Lunar Reconnaissance Orbiter Lunar Orbiter Laser Altimeter (LOLA) data. J. Geophys. 
Res. 117, E00H16, doi:10.1029/2011JE004021. 
 
Baker, D.M.H., Head, J.W., Neumann, G.A., Smith, D.E., Zuber, M.T., Phillips, R.J., 2013. 
GRAIL gravity analysis of peak-ring basins on the Moon: Implications for the crater to basin 
transition. Lunar Planet. Sci. 44, no. 2662.   
 
Benz, W., Cameron, A.G.W., Melosh, H.J., 1989. The origin of the moon and the single-impact 
hypothesis III. Icarus 81(1), 113–31. doi:10.1016/0019-1035(89)90129-2. 
 
  
[50] 
 
Cheek, L.C., Donaldson Hanna, K.L., Pieters, C.M., Head, J.W., Whitten, J.L., 2013. The 
distribution and purity of anorthosite across the Orientale basin: New perspectives from 
Moon Mineralogy Mapper data. J. Geophys. Res. 118, 1805–1820. doi:10.1002/jgre.20126. 
 
Cintala, M.J., Grieve, R.A.F., 1992. Melt production in large-scale impact events: Planetary 
observations and implications. International Conference on Large Meteorite Impacts and 
Planetary Evolution. 14-16. 
 
Cintala, M.J., Grieve, R.A.F., 1998a. Scaling impact melting and crater dimensions: Implications 
for the lunar cratering record. Meteorit. Planet. Sci. 33, 889–912, doi:10.1111/j.1945-
5100.1998.tb01695.x. 
 
Cintala, M.J., Grieve, R.A.F., 1998b. Erratum: Scaling impact melting and crater dimensions: 
Implications for the lunar cratering record. Meteorit. Planet. Sci. 33, 1343, 
doi:10.1111/j.1945-5100.1998.tb01320.x. 
 
Collins, G.C., 2002. Numerical Modelling of Large Impact Crater Collapse. Ph.D. Dissertation, 
Imperial College, University of London, London, 235 pp. 
 
Collins, G.S., 2014. Numerical simulations of impact crater formation with dilatancy. J. 
Geophys. Res. Planets 119, 2014JE004708. doi:10.1002/2014JE004708. 
 
  
[51] 
 
Collins, G.S., Melosh, H.J., 2002. Target weakening and temporary fluidization in large impact 
events. Lunar Planet. Sci. 33. no. 1523. 
 
Collins, G.S., Melosh, H.J. 2003. Acoustic fluidization and the extraordinary mobility of 
sturzstroms. J. Geophys. Res. 108(B10), 2003JB002465. doi:10.1029/2003JB002465. 
 
Collins, G.S., Melosh, H.J., Morgan, J.V., Warner, M.R., 2002. Hydrocode simulations of 
Chicxulub crater collapse and peak-ring formation. Icarus 157, 24–33, 
doi:10.1006/icar.2002.6822. 
 
Collins, G.S., Melosh, H.J., Ivanov, B.A., 2004. Modeling damage and deformation in impact 
simulations. Meteorit. Planet. Sci. 39, 217–231, doi:10.1016/j.epsl.2009.04.033. 
 
Collins, G.S, Kenkmann, T., Osinski, G.R., Wünnemann, K. 2008a. Mid-sized complex crater 
formation in mixed crystalline sedimentary targets: Insight from modeling and observation. 
Meteorit. Planet. Sci. 43(12), 1955–77. doi:10.1111/j.1945-5100.2008.tb00655.x. 
 
Collins, G.S., Morgan, J., Barton, P., Christeson, G.L., Gulick, S., Urrutia, J., Warner, M., 
Wünnemann, K., 2008b. Dynamic modeling suggests terrace zone asymmetry in the 
Chicxulub crater is caused by target heterogeneity. Earth Planet. Sci. Lett. 270, 221–230, 
10.1016/j.epsl.2008.03.032. 
 
  
[52] 
 
Croft, S.K., 1980. Cratering flow fields: Implications for the excavation and transient expansion 
stages of crater formation. Proc. Lunar Planet. Sci. Conf. 11th. 2347–2378. 
 
Croft, S.K., 1981. The excavation stage of basin formation: A qualitative model. In: Schultz, 
P.H., Merrill, R.B. (Eds.), Multi-ring basins: Formation and evolution. Proc. Lunar Planet. 
Sci. 12A, 207–225.  
 
Donaldson Hanna, K.L., Cheek, L.C., Pieters, C.M., Mustard, J.F., Greenhagen, B.T., Thomas, 
I.R., Bowles, N.E., 2014. Global assessment of pure crystalline plagioclase across the Moon 
and implications for the evolution of the primary crust. J. Geophys. Res. 119, 2013JE004476. 
doi:10.1002/2013JE004476. 
 
Elbeshausen, D., Wünnemann, K., Collins, G.S., 2009. Scaling of oblique impacts in frictional 
targets: Implications for crater size and formation mechanisms. Icarus 204, 716–731, 
doi:10.1016/j.icarus.2009.07.018. 
 
Freed, A.M., Johnson, B.C., Blair, D.M., Melosh, H.J., Neumann, G.A., Phillips, R.J., Solomon, 
S.C., Wieczorek, M.A., Zuber, M.T., 2014. The formation of lunar mascon basins from 
impact to contemporary form. J. Geophys. Res. 119, 2014JE004657. 
doi:10.1002/2014JE004657. 
 
Gault, D.E., Heitowit, E.D., 1963. The partition of energy for hypervelocity impact craters 
formed in rock. Proc. Sixth Hypervelocity Impact Symp., Vol. 2, 419–456 
  
[53] 
 
 
Gilbert, G.K., 1893. The moon’s face, a study of the origin of its features. Bull. Philos. Soc. 
Wash. (D.C.) 12, 241–292. 
 
Grieve, R.A.F., Cintala, M.J., 1992. An analysis of differential impact melt-crater scaling and 
implications for the terrestrial impact record. Meteoritics. 27, 526–538. 
 
Grieve, R.A.F., Cintala, M.J., 1993. Erratum: An analysis of differential impact melt-crater 
scaling and implications for the terrestrial impact record. Meteoritics. 28, 602. 
 
Grieve, R.A.F., Cintala, M.J., 1997. Planetary differences in impact melting. Adv. Space Res. 
20(8), 1551–1560, doi:10.1016/S0273-1177(97)00877-6. 
 
Grieve, R.A.F., Reimold, W.U., Morgan, J., Riller, U., Pilkington, M., 2008. Observations and 
interpretations at Vredefort, Sudbury, and Chicxulub: Towards an empirical model of 
terrestrial impact basin formation. Meteorit. Planet. Sci. 43, 855–882, doi:10.1111/j.1945-
5100.2008.tb01086.x. 
 
Gulick, S.P.S., Barton, P.J., Christeson, G.L., Morgan, J.V., McDonald, M., Mendoza-Cervantes, 
K., Pearson, Z.F., Surendra, A., Urrutia-Fucugauchi, J., Vermeesch, P.M., Warner, M.R., 
2008. Importance of pre-impact crustal structure for the asymmetry of the Chicxulub impact 
crater. Nature Geosci. 1, 131–135. 
 
  
[54] 
 
Hale, W., Head, J.W., 1979. Central peaks in lunar craters: Morphology and morphometry. Proc. 
Lunar Planet. Sci. Conf. 10th., 2623–2633. 
 
Hale, W.S., Grieve, R.A.F., 1982. Volumetric analysis of complex lunar craters: Implications for 
basin ring formation. J. Geophys. Res. 87, Suppl., A65–A76, 
doi:10.1029/JB087iS01p00A65. 
 
Hawke, B.R., Peterson, C.A., Blewett, D.T., Bussey, D.B.J., Lucey, P.G., Taylor, G.J., Spudis, 
P.D., 2003. Distribution and modes of occurrence of lunar anorthosite. J. Geophys. Res. 
108(E6), 5050, doi:10.1029/2002JE001890. 
 
Hay, H.C.F.C., Collins, G.S., Davison, T.M. 2014. Complex crater collapse: A comparison of the 
block and Melosh models of acoustic fluidization. Lunar Planet. Sci. 45, no. 1938. 
 
Head, J.W., 1974. Orientale multi-ringed basin interior and implications for the petrogenesis of 
lunar highland samples. Moon. 11, 327–356, doi:10.1007/BF00589168. 
 
Head, J.W., 1977. Origin of outer rings in lunar multi-ringed basins: Evidence from morphology 
and ring spacing. In: Roddy, D.J., Pepin, R.O., Merrill, R.B. (Eds.), Impact and Explosion 
Cratering. Pergamon Press, New York, pp. 563–573. 
 
  
[55] 
 
Head, J.W., 2010. Transition from complex craters to multi-ringed basins on terrestrial planetary 
bodies: Scale-dependent role of the expanding melt cavity and progressive interaction with 
the displaced zone. Geophys. Res. Lett. 37(2), L02203, doi:10.1029/2009GL041790. 
 
Herrick, R., Pierazzo, E., 2003. Results of the Workshop on Impact Crater: Bridging the Gap 
Between Modeling and Observations. Lunar and Planetary Institute Contribution 1162, 
Available online at: http://www.lpi.usra.edu/meetings/impact2003/impact2003.report.html.  
 
Ivanov, B.A., 2005. Numerical modeling of the largest terrestrial meteorite craters. Solar Syst. 
Res. 39(5), 381–409, doi:10.1007/s11208-005-0051-0. 
 
Ivanov, B.A., Kostuchenko, V.N., 1997. Block oscillation model for impact crater collapse. 
Lunar Planet. Sci. 28. no. 1655. 
 
Ivanov, B. A., H. J. Melosh, and E. Pierazzo. 2010. Basin-forming impacts: Reconnaissance 
modeling. In: Gibson, R.L., Reimold, W.U. (Eds.), Large Meteorite Impacts and Planetary 
Evolution IV, Special Paper 465, Geological Society of America, Boulder, Colo., pp. 29–49. 
doi:10.1130/2010.2465(03). 
 
Johnson, J.R., Hörz, F., 2003. Visible/near-infrared spectra of experimentally shocked 
plagioclase feldspars. J. Geophys. Res. 108(E11), 5120, doi:10.1029/2003JE002127. 
 
  
[56] 
 
Kenkmann, T., von Dalwigk, I., 2000. Radial transpression ridges: A new structural feature of 
complex impact craters. Meteorit. Planet. Sci. 35, 1189–1201,  
doi:10.1111/j.1945-5100.2000.tb01508.x. 
 
Kenkmann, T., Collins, G.S., Wünnemann, K., 2013. The modification stage of crater formation. 
In: Osinski, G.R., Pierazzo, E. (Eds.), Impact Cratering: Processes and Products. Wiley-
Blackwell, Hoboken, NJ, pp. 60–75. 
 
Kramer, G.Y., Kring, D.A., Nahm, A.L., Pieters, C.M., 2013. Spectral and photogeologic 
mapping of Schrödinger Basin and implications for post-South Pole-Aitken impact deep 
subsurface stratigraphy. Icarus 223, 131–148, doi:10.1016/j.icarus.2012.11.008. 
 
Kring, D.A., Kramer, G.Y., Potter, R.W.K., 2013. Interpreting the depth of origin of the 
Schrödinger peak ring and implications for other impact basins. Large Meteorite Impacts and 
Planetary Evolution V, no. 3069. 
 
Lana, C., Gibson, R.L., Reimold, W.U., 2003. Impact tectonics in the core of the Vredefort 
dome, South Africa: Implications for central uplift formation in very large impact structures. 
Meteorit. Planet. Sci. 38, 1093–1107, doi:10.1111/j.1945-5100.2003.tb00300.x. 
 
Maxwell, D.E., 1977. Simple Z model for cratering, ejection, and the overturned flap. In: Roddy, 
D.J., Pepin, R.O., Merrill, R.B. (Eds.), Impact and Explosion Cratering. Pergamon Press, 
New York, pp. 1,003–1,008. 
  
[57] 
 
 
McKinnon, W.B., 1978. An investigation into the role of plastic failure in crater modification. 
Proc. Lunar Planet. Sci. Conf. 9th. 3965–3973. 
 
Melosh, H.J., 1977. Crater modification by gravity: A mechanical analysis of slumping. In: 
Roddy, D.J., Pepin, R.O., Merrill, R.B. (Eds.), Impact and Explosion Cratering. Pergamon 
Press, New York, Pergamon Press, New York, pp. 1245–1260. 
 
Melosh, H.J., 1979. Acoustic fluidization: A new geologic process?. J. Geophys. Res. 84(B13), 
7513–7520. 
 
Melosh, H.J., 1982. A schematic model of crater modification by gravity. J. Geophys. Res. 
87(B1), 371–380. 
 
Melosh, H.J., 1989. Impact Cratering: A Geologic Process. Oxford University Press, London, 
253 pp. 
 
Melosh, H.J. 1996. Dynamical weakening of faults by acoustic fluidization. Nature 379(6566), 
601–6. doi:10.1038/379601a0. 
 
Melosh, H.J., Gaffney, E.S., 1983. Acoustic fluidization and the scale dependence of impact 
crater morphology. J. Geophys. Res. 88, Suppl., A830–A834, 
doi:10.1029/JB088iS02p0A830. 
  
[58] 
 
 
Melosh, H.J., Ivanov, B.A., 1999. Impact crater collapse. Ann. Rev. Earth Planet. Sci. 27, 385–
415, doi:10.1146/annurev.earth.27.1.385. 
 
Melosh, H.J., Freed, A.M., Johnson, B.C., Blair, D.M., Andrews-Hanna, J.C., Neumann, G.A., 
Phillips, R.J., Smith, D.E., Solomon, S.C., Wieczorek, M.A., Zuber, M.T., 2013. The origin 
of lunar mascon basins. Science 340, 1552–1555. doi:10.1126/science.1235768. 
 
Miljković, K., Wieczorek, M.A., Collins, G.S., Laneuville, M., Neumann, G.A., Melosh, H.J., 
Solomon, S.C., Phillips, R.J., Smith, D.E., Zuber, M.T., 2013. Asymmetric distribution of 
lunar impact basins caused by variations in target properties. Science 342, 724–726. 
doi:10.1126/science.1243224. 
 
Miljković, K., Wieczorek, M.A., Collins, G.S., Solomon, S.C., Smith, D.E., Zuber, M.T., 2015. 
Excavation of the lunar mantle by basin-forming impact events on the Moon. Earth Planet. 
Sci. Lett. 409, 243–251. doi:10.1016/j.epsl.2014.10.041. 
 
Morgan, J., Warner, M., 1999. Chicxulub: The third dimension of a multi-ring impact basin. 
Geology. 27(5), 407–410, doi:10.1130/0091-7613(1999)027<0407:CTTDOA>2.3.CO;2. 
 
Morgan, J., Gulick, S., 2012. Highlights of IODP Proposal: Chicxulub: Drilling the K-Pg Impact 
Crater (IODP #548). ECORD Newsletter 19, 16. 
 
  
[59] 
 
Morgan, J.V., Warner, M.R., Collins, G.S., Melosh, H.J., Christeson, G.L., 2000. Peak-ring 
formation in large impact craters: geophysical constraints from Chicxulub. Earth Planet. Sci. 
Lett. 183, 347–354. 
 
Morgan, J., Warner, M., Grieve, R.A.F., 2002. Geophysical constraints on the size and structure 
on the Chicxulub impact crater. In: Köberl, C., MacLeod, K.G. (Eds.), Catastrophic Events 
and Mass Extinctions: Impacts and Beyond. Special Paper 356, Geological Society of 
America, Boulder, Colo., pp. 39–46. 
 
Morgan, J.V., Warner, M.R., Collins, G.S., Grieve, R.A.F., Christeson, G.L., Gulick, S.P.S., 
Barton, P.J., 2011. Full waveform tomographic images of the peak ring at the Chicxulub 
impact crater. J. Geophys. Res. 116, B06303, doi:10.1029/2010JB008015. 
 
Morgan, J.V., Gulick, S.P.S., Urrutia-Fucugauchi, J., Collins, G.S., Perez-Cruz, L., Rebolledo-
Vieyra, M., 2015. IODP-ICDP Expedition 364: Drilling the K-Pg impact structure. Lunar 
Planet. Sci. 46, no. 1747. 
 
Nahm, A.L., Öhman, T., Kring, D.A., 2013. Normal faulting origin for the Cordillera and Outer 
Rook Rings of Orientale Basin, the Moon. J. Geophys. Res. 118. 1–16, 
doi:10.1002/jgre.20045. 
 
  
[60] 
 
Neumann, G.A., Zuber, M.T., Smith, D.E., Lemoine, F.G., 1996. The lunar crust: Global 
structure and signature of major basins. J. Geophys. Res. 101(E7), 16,841–16,843, 
doi:10.1029/96JE01246. 
 
Neumann, G.A., Lemoine, F.G., Mazarico, E., Smith, D.E., Zuber, M.T., Goossens, S.J., Head, 
J.W., Andrews-Hanna, J.C., Torrence, M.H., Miljkovic, K., Wieczorek, M.A., 2013. The 
inventory of lunar impact basins from LOLA and GRAIL. Lunar Planet. Sci. 44, p. 2379. 
 
O’Keefe, J.D., Ahrens, T.J., 1993. Planetary cratering mechanics. J. Geophys. Res. 98(E9), 
17,011–17,028, doi:10.1029/93JE01330. 
 
O’Sullivan, K.M., Kohout, T., Thaisen, K.G., Kring, D.A., 2011. Calibrating several key lunar 
stratigraphic units representing 4 b.y. of lunar history within Schrödinger basin. In: Ambrose, 
W.A., Williams, D.A. (Eds.), Recent Advances and Current Research Issues in Lunar 
Stratigraphy. Special Paper 477, Geological Society of America, Boulder, Colo., pp. 117–
127, doi:10.1130/2011.2477(05). 
 
Orphal, D.L., Borden, W.F., Larson, S.A., Schultz, P.H., 1980. Impact melt generation and 
transport. Proc. Lunar Planet. Sci. 11th, 2309–2323. 
 
Osinski, G.R., Spray, J.G., 2005. Tectonics of complex crater formation as revealed by the 
Haughton impact structure, Devon Island, Canadian High Arctic. Meteorit. Planet. Sci. 40, 
1813–1834, doi:10.1111/j.1945-5100.2005.tb00148.x. 
  
[61] 
 
 
Phillips, R.J., Dvorak, J., 1981. The origin of lunar mascons: Analysis of the Bouguer gravity 
associated with Grimaldi. In: Schultz, P.H., Merrill, R.B. (Eds.), Multi-ring basins: 
Formation and evolution. Proc. Lunar Planet. Sci. 12A, 91–104.  
 
Pierazzo, E., Vickery, A.M., Melosh, H.J., 1997. A reevaluation of impact melt production. 
Icarus 127, 408–423, doi:10.1006/icar.1997.5713. 
 
Pierazzo, E., Melosh. H.J., 2000. Understanding oblique impacts from experiments, 
observations, and modeling. Ann. Rev. Earth Planet. Sci. 28, 141-167. 
 
Pike, R.J. 1974. Depth/diameter relations of fresh lunar craters: revision from spacecraft data. 
Geophys. Res. Lett. 1(7), 291–294. 
 
Pike, R.J., 1988. Geomorphology of impact craters on Mercury. In: Vilas, F., Chapman, C.R., 
Matthews, M.S. (Eds.), Mercury. Univ. Arizona Press, Tucson, Ariz., pp. 165–273. 
 
Pike, R.J., Spudis, P.D., 1987. Basin-ring spacing on the moon, Mercury, and Mars. Earth Moon 
Planets. 39, 129–194, doi:10.1007/BF00054060. 
 
Potter, R.W.K., 2015. Investigating the onset of multi-ring impact basin formation. Icarus 261, 
91–99, doi:10.1016/j.icarus.2015.08.009. 
  
[62] 
 
Potter, R.W.K., Collins, G.S., Kiefer, W.S., McGovern, P.J., Kring, D.A., 2012a. Constraining 
the size of the South Pole-Aitken basin impact. Icarus 220, 730–743. 
doi:10.1016/j.icarus.2012.05.032. 
 
Potter, R.W.K., Kring, D.A., Collins, G.S., Kiefer, W.S., McGovern, P.J., 2012b. Estimating 
transient crater size using the crustal annular bulge: Insights from numerical modeling of 
lunar basin-scale impacts. Geophys. Res. Lett. 39, L18203, doi:10.1029/2012GL052981. 
 
Potter, R.W.K., Kring, D.A., Collins, G.S., Kiefer, W.S., McGovern, P.J., 2013a. Numerical 
modeling of the formation and structure of the Orientale impact basin. J. Geophys. Res. 118, 
963–979. doi:10.1002/jgre.20080. 
 
Potter, R.W.K., Kring, D.A., Collins, G.S., 2013b. Quantifying the attenuation of structural uplift 
beneath large lunar craters. Geophys. Res. Lett. 40, 5615–5620. doi:10.1002/2013GL057829. 
 
Potter, R.W.K., Kring, D.A., Collins, G.S., 2015. Scaling of basin-sized impacts and the 
inﬂuence of target temperature. In: Osinski, G.R., Kring, D.A. (Eds.), Large Meteorite 
Impacts and Planetary Evolution V. Special Paper 518, Geological Society of America, 
Boulder, CO, 99–113, doi:10.1130/2015.2518(06). 
 
Potts, N.J., Gullikson, A.L., Curran, N.M., Dhaliwal, J.K., Leader, M.K., Rege, R.N., Klaus, 
K.K., Kring, D.A., 2015. Robotic traverse and sample return strategies for a lunar farside 
  
[63] 
 
mission to the Schrödinger basin. Adv. Space Res. 55, 1241–1254. 
doi:10.1016/j.asr.2014.11.028. 
 
Schmidt, R.M., Housen, K.R., 1987. Some recent advances in the scaling of impact and 
explosion cratering. Int. J. Impact Eng. 5, 543–560. 
 
Scott, R.G., Benn, K., 2001. Peak-ring rim collapse accommodated by impact melt-filled transfer 
faults, Sudbury impact structure, Canada. Geology 29(8), 747–750, doi:10.1130/0091-
7613(2001)029<0747:PRRCAB>2.0.CO;2. 
 
Senft, L.E., Stewart, S.T., 2009. Dynamic fault weakening and the formation of large impact 
craters. Earth Planet Sci. Lett. 287, 471–482, doi:10.1016/j.epsl.2009.08.033. 
 
Settle, M., Head III, J. W., 1977. Radial variation of lunar crater rim topography. Icarus. 31(1), 
123–135, doi:10.1016/0019-1035(77)90075-6. 
 
Shoemaker, E.M., 1962. Interpretation of lunar craters. In: Kopal, Z. (Ed), Physics and 
Astronomy of the Moon, Academic Press, NY, pp. 283–359. 
 
Soderblom, J.M., Evans, A.J., Johnson, B.C., Melosh, H.J., Miljković, K., Phillips, R.J., 
Andrews-Hanna, J.C., Bierson, C.J., Head, J.W., Milbury, C., Neumann, G.A., Nimmo, F., 
Smith, D.E., Solomon, S.C., Sori, M.M., Wieczorek, M.A., Zuber, M.T., 2015. The fractured 
  
[64] 
 
Moon: Production and saturation of porosity in the lunar highlands from impact cratering. 
Geophys. Res. Lett. 42, 2015GL065022. doi:10.1002/2015GL065022. 
 
Spray, J.G., Thompson, L.M., 1995. Friction melt distribution in a multi-ring impact basin. 
Nature. 373, 130–132, doi:10.1038/373130a0. 
 
Spudis, P.D., 1993. The Geology of Multi-Ring Impact Basins, Cambridge Univ. Press, 
Cambridge, 177 pp. 
 
Thompson, S.L, Lauson, H.S., 1972. Improvements in the Chart D Radiation-Hydrodynamic 
CODE III: Revised Analytic Equation of State. Albuquerque, N. Mex., USA: Sandia 
Laboratories, Report SC-RR--71-0714. 
 
Tompkins, S., Pieters, C.M., 1999. Mineralogy of the lunar crust: Results from Clementine. 
Meteorit. Planet. Sci. 34, 25–41, doi:10.1111/j.1945-5100.1999.tb01729.x. 
 
Turtle, E.P., Pierazzo, E., Collins, G.S., Osinski, G.R., Melosh, H.J., Morgan, J.V., Reimold, 
W.U., 2005. Impact structures: What does crater diameter mean?. In: Kenkmann, T., Hörz, 
F., Deutsch, A. (Eds.), Large Meteorite Impacts and Planetary Evolution III. Special Paper 
384, Geological Society of America, Boulder, CO, pp. 1–24. 
 
  
[65] 
 
Vaughan, W.M., Head, J.W., Wilson, L., Hess, P.C., 2013. Geology and petrology of enormous 
volumes of impact melt on the Moon: A case study of the Orientale basin impact melt sea. 
Icarus 223, 749–765, doi:10.1016/j.icarus.2013.01.017. 
 
Whitten, J., Head, J.W., Staid, M., Pieters, C.M., Mustard, J., Clark, R., Nettles, J., Klima, R.L., 
Taylor, L., 2011. Lunar mare deposits associated with the Orientale impact basin: New 
insights into mineralogy, history, mode of emplacement, and relation to Orientale Basin 
evolution from Moon Mineralogy Mapper (M3) data from Chandrayaan-1. J. Geophys. Res. 
116, E00G09, doi:10.1029/2010JE003736. 
 
Wieczorek, M.A., Phillips, R.J., 1997. The structure and compensation of the lunar highland 
crust. J. Geophys. Res. 102, 10933–10943. doi:10.1029/97JE00666. 
 
Wieczorek, M.A., Phillips, R.J., 1999. Lunar multiring basins and the cratering process. Icarus. 
139, 246–259, doi:10.1006/icar.1999.6102. 
 
Wieczorek, M.A., and 15 co-authors, 2006. The constitution and structure of the lunar interior. 
Rev. Min. Geochem. 60, 221–364. 
 
Wieczorek, M.A., Neumann, G.A., Nimmo, F., Kiefer, W.S., Taylor, G.J., Melosh, H.J., Phillips, 
R.J., Solomon, S.C., Andrews-Hanna, J.C., Asmar, S.W., Konopliv, A.S., Lemoine, F.G., 
Smith, D.E., Watkins, M.M., Williams, J.G., Zuber, M.T., 2013. The crust of the Moon as 
seen by GRAIL. Science 339, 671–675, doi:10.1126/science.1231530. 
  
[66] 
 
 
Wilhelms, D.E., McCauley, J.F., Trask, N.J., 1987. The Geologic History of the Moon. 
U.S. Geol. Survey. Professional Paper 1348. 
 
Williams, K.K., Zuber, M.T., 1998. Measurement and analysis of lunar basin depths from 
Clementine altimetry. Icarus. 131, 107–122. 
 
Wilson, L., Head, J.W., 2011. Impact melt sheets in lunar basins: Estimating thickness from 
cooling behavior. Lunar Planet. Sci. 42. no. 1345. 
 
Wood, C.A., Head, J.W., 1976. Comparison of impact basins on Mercury, Mars and the moon. 
Proc. Lunar Planet. Sci. Conf. 7th, 3629–3651. 
 
Wünnemann, K., Ivanov, B.A., 2003. Numerical modelling of the impact crater depth–diameter 
dependence in an acoustically fluidized target. Planet. Space Sci. 51, 831–845, 
doi:10.1016/j.pss.2003.08.001. 
 
Wünnemann, K., Morgan, J.V., Jödicke, H., 2005. Is Ries crater typical for its size? An analysis 
based upon old and new geophysical data and numerical modeling. In: Kenkmann, T., Hörz, 
F., Deutsch, A. (Eds.), Large Meteorite Impacts III. Special Paper 384, Geological Society of 
America, Boulder, CO, pp. 67–83. 
 
  
[67] 
 
Wünnemann, K., Collins, G.S., Melosh, H.J. 2006. A strain-based porosity model for use in 
hydrocode simulations of impacts and implications for transient crater growth in porous 
targets. Icarus, 180, 514–527, doi:/10.1016/j.icarus.2005.10.013. 
 
Yamamoto, S., and 10 co-authors, 2010. Possible mantle origin of olivine around lunar impact 
basins detected by SELENE. Nature Geosci.. 3, 533–536, doi:10.1038/ngeo897. 
 
Yamamoto, S., and 10 co-authors, 2012. Massive layer of pure anorthosite on the Moon. 
Geophys. Res. Lett. 39, L13201, doi:10.1029/2012GL052098.   
 
Zuber, M.T., Smith, D.E., Watkins, M.M., Asmar, S.W., Konopliv, A.S., Lemoine, F.G., 
Melosh, H.J., Neumann, G.A., Phillips, R.J., Solomon, S.C., Wieczorek, M.A., Williams, 
J.G., Goossens, S.J., Kruizinga, G., Mazarico, E., Park, R.S., Yuan, D.-N., 2013. Gravity 
field of the Moon from the Gravity Recovery and Interior Laboratory (GRAIL) mission. 
Science 339, 668–671. doi:10.1126/science.1231507. 
  
  
[68] 
 
 
 
Figure 1. The morphological transition from complex craters to multi-ring basins on the Moon. The left panels in 
each row show LROC Wide Angle Camera (WAC) global mosaic images. The middle panels in each row show 
LOLA gridded color topography overlain on an LROC WAC global mosaic. The right plots are vertically 
exaggerated, radial topographic profiles for each crater or basin, presented as the mean of 360 radial profiles 
beginning at the center of the structure (+ mark in each map) and extending out to two crater/basin radii. a) The 
complex crater, Theophilus (98 km; 11.40°S, 26.33°E), exhibiting a central peak (cp) and rim crest (rc). b) The 
protobasin, Compton (166 km; 55.92°N, 103.96°E), exhibiting both a central peak (cp) and a low-relief peak ring 
(pr) and a rim crest (rc). c) The peak-ring basin, Schrödinger (326 km; 74.90°S, 133.53°E), exhibiting a single ring 
of peaks (pr) and rim crest (rc). d) The multi-ring basin, Orientale (930 km, 19.40°S, 94.50°W), exhibiting at least 
three topographic rings (IR = Inner Rook ring, OR = Outer Rook ring, and C = Cordillera ring) (Head et al., 1974). 
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Figure 2. Main topographic and crustal features of a peak-ring basin, including the rim crest, wall and wall base, 
elevated annular floor, peak ring, and a center having the lowest elevations on the floor. a) Highly exaggerated 
radially averaged LOLA topographic profiles and profile of the crust-mantle relief (Wieczorek et al., 2013) for 
Korolev basin on the Moon (417 km diameter; 4.44°S, 157.47°W). Dashed lines are for reference when comparing 
the positions of the rim crest, wall base, and peak ring to the crust-mantle topography and the map below. b) LOLA 
gridded hillshade map of Korolev basin with the main features of the basin outlined. 
 
 
  
[70] 
 
 
 
Figure 3. Changes in crater topographic profile from complex craters with central peaks (a) to peak-ring basins (b 
and c). Bars show the relative changes in distance and heights of labeled features. Each profile is scaled to one 
crater/basin diameter. Modified from Baker et al. (2012). (d) The diameters of the central peaks of complex craters 
(Hale and Head, 1979; Hale and Grieve, 1982) and peak rings of protobasins and peak-ring basins (Baker et al., 
2011a) versus rim-crest diameter. The dashed line is an extrapolated power-law fit to the peak-ring basin data 
(Baker et al., 2011a). There is a discontinuity in the trend from central-peak diameters to peak-ring diameters, 
suggesting that the transition from peaks to peak rings involves either an abrupt change in a single process or two 
distinctly different processes. 
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Figure 4a-c. 
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Figure 4d-f. Working hypothesis for the formation of peak-ring basins based on orbital observations. Schrödinger 
basin (326 km; 74.90°S, 133.53°E) is used as an example. Orange line depicts the basin’s present topographic 
profile with no vertical exaggeration. Down-pointing triangles are the measured positions of the rim crest (“rc”) and 
peak ring (“pr”). See the text (Section 4.1) for descriptions of events illustrated in each panel. 
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Figure 5. Schematic representation of an iSALE hydrocode simulation (snapshots) of a 20 km diameter impactor 
impacting into a 60-km thick lunar crust. The resulting peak-ring basin that forms is ~250 km in diameter. Time 
after impact is indicated in the upper right in each panel. Peak-ring basins form in this scenario by uplift of a 
gravitationally unstable central peak that then collapses downward and outward. Peak rings form by the collapsing 
central peak overriding the down-dropped wall of the transient cavity. See Sections 4.2 and 6 for details. 
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Figure 6. Final crater profiles from six iSALE simulations of lunar crater formation in non-dimensional units. Rim 
crest-to-floor depths (d) and rim-to-rim diameters (D) are given for each profile. Central peak/ring diameter is 
marked with a triangle. All simulations are for thin crust (30 km). See text for more simulation details. The simple-
to-complex transition occurs between 14 and 28 km diameter. Peak-ring morphology is clearly evident for the three 
largest craters, although the exact radius of the peak ring is difficult to define for the 290-km crater. Note that only 
in the largest scenario is the interior of the basin deeper than the annular trough. The 75-km diameter crater has a 
broad central structure, with a topographic high (interpreted to be a peak ring) at a normalized radius of ~0.4 that is 
not consistent with observations (see Figure 7). 
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Figure 7. Morphometric measurements of final craters from iSALE simulations of lunar crater formation compared 
with observations. Rim crest-to-floor depth as a function of diameter is very consistent with observations, as is peak-
ring diameter (error bars for peak-ring diameters are ±5% of the rim-crest diameter). The central-peak diameter for 
the 28-km diameter crater is consistent with the observational trend. The 75-km diameter crater is modeled to have a 
peak ring with a diameter generally larger than the observed central-peak diameter trend; peak rings are also not 
observed to occur at these small crater sizes on the Moon (Baker and Head, 2011a). All models assumed a thin crust 
(30 km); however, all the measurements presented were very similar in the thick-crust scenario (60 km). See text for 
more simulation details. Crater depth observations are from Baker and Head (2013). Depth-diameter trends for 
simple craters and complex craters (“Pike 74”; dash-dot lines) from Pike (1974) are also shown. Peak-ring diameter 
measurements are from Baker et al. (2011a). Central-peak diameters are estimated from measurements of central-
peak areas by Baker and Head (2013). Central-peak diameters (Dcp) were calculated in this way by assuming that the 
measured areas (Acp) define a circle, such that Dcp = 2(Acp/π)0.5. A linear fit to the central-peak diameters directly 
measured by Hale and Head (1979) (“HH 79”; dashed line) is shown for comparison, which shows overall 
consistency with the Dcp values estimated from the Baker and Head (2013) data. 
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Figure 8. Examples from Wünnemann et al. (2005) of the final states of half-space numerical models of the 
terrestrial Ries impact structure, depicting how different assumptions in model input parameters (e.g., viscosities and 
decay times of transient weakening) can produce widely differing scenarios for the formation of a peak ring-like 
interior landform (“inner ring”). a) Model result of an impact into a higher strength target (higher viscosity, shorter 
decay time). No over-heightened central peak occurs, and a peak ring results from the inward and downward 
collapse of the transient crater's rim, which is composed of uplifted and overturned crystalline basement. b) Model 
result of an impact into a target with a comparatively lower strength (lower viscosity, longer decay time). In this 
case, the outcome is the same as in models of Chicxulub basin formation (e.g., Collins et al., 2002), whereby the 
central peak collapses and overrides the inner terraced zone to form a peak ring. Figure redrawn with permission 
from Wünnemann et al. (2005). 
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Table 1. Peak-ring basins and protobasins identified by Baker et al. (2011a). 
 
 
 
 
Number Namea Longitudeb Latitude Rim-Crest Diameter (km) 
Peak-Ring Basins 
1 Schwarzschild 120.09 70.36 207 
2 d'Alembert 164.84 51.05 232 
3 Milne 112.77 -31.25 264 
4 Bailly 291.20 -67.18 299 
5 Poincaré 163.15 -57.32 312 
6 Coulomb-Sarton* 237.47 51.35 316 
7 Planck 135.09 -57.39 321 
8 Schrödinger 133.53 -74.90 326 
9 Mendeleev 141.14 5.44 331 
10 Birkhoff 213.42 58.88 334 
11 Lorentz 263.00 34.30 351 
12 Schiller-Zucchius* 314.82 -55.72 361 
13 Korolev 202.53 -4.44 417 
14 Moscoviense 147.36 26.34 421 
15 Grimaldi 291.31 -5.01 460 
16 Apollo 208.28 -36.07 492 
17 Freundlich-Sharonov* 175.00 18.35 582 
Protobasins 
1 Antoniadi 187.04 -69.35 137 
2 Compton 103.96 55.92 166 
3 Hausen 271.24 -65.34 170 
a  Names shown for basins are those approved by the IAU as of this writing 
(http://planetarynames.wr.usgs.gov).  Names not approved by the IAU, but used by Pike and 
Spudis (1987) and Wilhelms et al. (1987), are denoted by an asterisk (*). 
b Longitudes are positive eastward. 
